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Abstract 
 
Articular cartilage has been imaged using the following multi-photon modalities: Second 
Harmonic Generation (SHG), Two-photon Fluorescence (TPF) and Coherent Anti-Stokes 
Raman Scattering (CARS). A simple epi detection microscope was constructed for SHG 
and TPF imaging in the early stages of this research. Later the imaging was transferred to a 
new microscope system which allowed simultaneous forwards and epi detection and 
combined CARS imaging with TPF and SHG. 
 
Multiphoton spectroscopic studies were conducted on both intact tissue samples and the 
major components of the extracellular matrix, in order to identify sources of TPF. 
Fluorescence was detected from type II collagen, elastin and samples of purified collagen 
and elastin crosslinks. Age related glycation crosslinks of collagen may be a significant 
source of TPF. No fluorescence was detected from proteoglycans. 
 
In intact, unfixed healthy articular cartilage the cells were observed via CARS, surrounded 
in their pericellular matrix which is characterised by an increase in TPF. The collagen of 
the extra cellular matrix showed up clearly in the SHG images. Diseased cartilage was also 
imaged revealing microscopic lesion at the articular surface in early osteoarthritis and 
highly fibrous collagen structures and cell clusters in more advanced degeneration. 
 
In young healthy cartilage a network of elastin fibres were found lying parallel to the 
articular surface in the most superficial 50µm of the tissue. Regional variations in these 
fibres were also investigated. The fibres appeared mainly long and straight suggesting that 
they may be under tension, further work is needed to identify whether they have a 
mechanical function. 
 
The polarization sensitivity of the SHG from collagen has been investigated for both 
cartilage and tendon. In the most superficial tissue these measurements can be used directly 
to determine the collagen fibre orientation. However at increasing depths the effects of 
biattenuation and birefringence must be considered. Healthy cartilage has a characteristic 
pattern of polarization sensitivity with depth and this changes at lesions indicating a 
disruption of the normal collagen architecture. 
 
The methods developed in this thesis demonstrate the use of non-linear microscopy to 
visualise the structure of the extracellular matrix and cells in intact unstained tissue. They 
should also be appropriate in many areas of cell and matrix biology. 
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1 Background  
1.1 Introduction 
In this study multi-photon microscopy has been used to investigate articular cartilage. The 
aim of this work was to characterise the appearance of healthy tissue with this technique 
and then investigate degenerate tissue with the aim of observing changes for osteoarthritis 
research. In this chapter the structure of the extra cellular matrix and healthy articular 
cartilage is described in section 1.6 along with some of the characteristics of osteoarthritic 
degeneration. The multi-photon imaging in this thesis relied on the following three imaging 
modalities: second harmonic generation (SHG), two photon fluorescence (TPF) and 
coherent anti-Stokes Raman scattering (CARS). These processes are described here along 
with the different contrasts they provide in biological imaging. There are two main 
advantages of multi-photon microscopy; firstly the images produced through multi-photon 
microscopy have submicron resolutions and also 3Dimensional data sets can be generated 
and secondly the non-linear optical process rely on endogenous contrast and therefore the 
technique can be used to provide detailed structural data intact unstained samples. 
 
Non-linear optical processes occur in high electric fields where the electric polarization 
vector P
r
 is no longer linearly proportional to the electric field strength E
r
. In this case the 
approximation for low electric field 
 EP χε 0=          (1)  
must be replaced by the following  polynomial expression where χ
(n)
 are (n+1)
th
 order 
tensors 
1, 2
 
( ) ( ) ( )( )........: 3210 +++⋅= EEEEEEP Mχχχε .    (2) 
Second order processes, for example TPF and SHG, are described by the second order non-
linear susceptibility tensor )2(χ . Third order processes, for example CARS and third 
harmonic generation (THG) are described by the third order non-linear susceptibility tensor 
)3(χ . For non-linear effects to occur the electric field strength typically needs to be greater 
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than about 100kV/m 
1
 and for this reason they normally are observed in focused laser 
beams. 
1.2 The Non-linear Microscope 
Non-linear microscopy is a laser scanning microscopy technique which is built on the 
principles of confocal microscopy 
3
. In both these techniques the focal point of a laser is 
scanned through the sample and the image is generated from the signal produced at each 
point in the scan. Non-linear optical processes have a very small interaction cross sections 
as they rely on multiple photons interacting with a molecule  and also they are dependent 
on the square of the laser power for second order interactions or the cube of the laser power 
for third order interactions (as shown in equation 2). The consequence of this is that the 
non-linear processes will only occur within the focal point of the laser beam. This makes 
the process inherently con-focal and removes the need for a pinhole to exclude off focus 
light. 
 
All the multi-photon processes produce light at different wavelengths allowing the different 
signals to be separated from each other and the laser fundamental. SHG and TPF are 
excited by infra red laser sources but produce light in the visible range (with TPF having a 
longer wavelength than SHG). CARS requires infra red laser excitation sources and the 
signal is again in the infra red but at a shorter wavelength.  
 
With multi-photon microscopy it is possible to achieve submicron resolution in the imaging 
plane and approximately micron resolution in the axial direction. This good axial resolution 
makes non-linear microscopy an ideal technique for obtaining 3D data sets; this is achieved 
by taking a series of images of the sample where the sample is moved towards the objective 
on a motor stage between each image
4
. 
 
The non-linear optical processes used in this thesis do not require the use of exogenous 
contrast agents. The TPF signal comes from endogenous fluorophores
5
, SHG comes from 
biological structures lacking inversion symetry
6
 and the CARS contrast is derived from 
intrinsic molecular vibrations
7
. Typically IR laser excitation sources are used for multi-
photon microscopy and these have a greater penetration depth into tissues than UV or 
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visible light which is used in confocal microscopy
8
, and therefore enable images to be taken 
at greater depths. For example Campagnola et al were able to image with SHG a sample of 
mouse muscle tissue that was 550µm thick
6
.  The combination of the reasonable depth 
penetration and lack of staining means these techniques can be used on intact tissue 
samples. This reduced the risk of artefacts caused by sample preparation and opens the 
possibility for non-linear microscopy to be developed into an in-vivo imaging technique in 
the future.  
 
In non-linear microscopy there are also reduced problems due to photo-bleaching compared 
to confocal microscopy. SHG images are unaffected by photo-bleaching as SHG is an 
elastic process and no energy is absorbed by the sample during the process and TPF photo-
bleaching effects are limited to the focal spot of the laser excitation beam. 
 
Multi-photon microscopy is compared to other techniques which are used to investigate 
tissues at a similar level in table 1.1. These include optical coherence tomography (OCT), 
con-focal microscopy, transmission light microscopy (Differential Interference Contrast 
(DIC), phase contrast), scanning electron microscopy and transmission electron 
microscopy.  
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Electron microscopy Transmitted light Non-linear microscopy  OCT9 X-ray 
scattering10-12 
Confocal13 
 scanning transmission DIC Phase 
contrast 
SHG TPF CARS 
Lateral 
Resolution 
1-15µm 2-6 µm 0.15 µm14 nm nm ≈0.5µm ≈0.5µm 
NA2
61.0 0λ
 
NA2
61.0 0λ
 
NA3
61.0 0λ 15 
Axial 
resolution 
1-15µm Dependent on 
sample 
thickness 
0.22 µm14 N/A N/A <0.5µm if thin 
sections are used13 
( )2
0
2
2
NA
nλ
1
5 
( )2
0
2
2
NA
nλ
15 
( )2
0
3
2
NA
nλ
15 
Depth 
penetration 
Up to 2-3mm N/A Typically 50-
100µm but up to 
150-200µm16 
none Ultra-thin slices 
needed  
Thin samples are 
needed to minimize 
contribution of out of 
focus light from rest 
of sample 
Dependent on the scattering of the tissue and the laser 
power used can be up to about 500µm6 
Contrast Reflection off 
interfaces 
between 
refractive 
indices 
x-ray 
scattering off 
periodic 
structures 
Fluorescently 
labeled 
molecules 
Metal 
coating on 
surface of 
sample 
Density of 
embedded 
medium 
Variations in 
refractive index of the 
sample 
Molecules 
lacking 
inversion 
symmetry 
Endogenous 
fluorophores 
Molecular bond 
vibrations 
E.g. CH2 bond 
Tissue 
preparation 
Intact tissue 
samples 
Sections 
wrapped in 
mylar 
Staining with a 
fluorescent dye 
Metal 
coating 
surface 
Fixing, 
dehydrating & 
embedding 
Unstained thin 
histological sections 
Intact tissue samples can be used 
General 
limitations 
Less 
resolution 
possible 
compared to 
other 
techniques 
Imaging time, 
image 
reconstruction 
and sample 
damage 
Needs staining 
photo-bleaching 
and damage 
may be a 
problem 
Artifacts due to preparation 
technique,  
Need thin sections, 
therefore unable to 
image the 3D 
structure of tissues 
Expensive set-up requiring high powered lasers 
Table 1.1 A comparison between non-linear microscopy and other imaging techniques 
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Non-linear microscopy was first developed in 1971 by Fine and Hansen
17
 but did not 
become a very practical technique for biological samples until the development of ultra 
short pulsed mode locked lasers 
3, 18
. This is because the non-linear processes have a very 
small absorption cross-section and therefore need high instantaneous laser powers to excite 
them. Ultra short pulsed lasers are needed as they enable a lower average power to be used 
in order to produce the same amount of non-linear signal. Equation (3) shows the 
relationship between the powers of a pulsed and continuous wave laser producing the same 
amount of signal 
3
. 
( )
PulsedpCW PfP
21−= τ        (3) 
Where τ is the pulse duration time and fp is the repetition rate of the pulses. The lower 
average powers used by pulsed lasers avoid the problems of tissue damage due to excessive 
heating, which was occurring when samples were illuminated with the high powered 
continuous wave lasers 
3, 18, 19
. Typically non-linear microscopes use a Ti:Saphire laser 
which produces  IR light with a wavelength tuneable between 700 and 900nm in 100fs 
pulses, for SHG and TPF imaging. For CARS two different excitation wavelengths are 
needed with the difference between the two wavelengths being tuneable; this excitation 
beam is provided by an Optical Parametric Oscillator (OPO). 
 
Although non-linear microscopy relies on longer wavelength excitation light, it is still able 
to produce images with a sub-micron resolution. This is because the intensity of the signal 
depends on the square of the incident intensity for two-photon processes (SHG and TPF) 
which improves the possible resolution of a non-linear microscope. In the focal plane the 
effective focal spot size within which the SHG or TPF light is produced is smaller by a 
factor of 21  compared to the effective focal spot in confocal fluorescence microscopy. 
For a non-linear microscope the Rayleigh criterion for the minimum resolvable distance 
|xmin| can be written as follows, with equation 4a being for a 2 photon process and equation 
4b for a 3 photon process 
20
. 
 
NANA
x
λλ 46.0
2
161.0
min =⋅=      (4a) 
 
NANA
x
λλ 35.0
3
161.0
min =⋅=      (4b) 
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In these equations NA is the numerical aperture of the objective and λ is the wavelength of 
the excitation light. Equation (4) shows that the longer wavelengths used for non-linear  
microscopy decrease the resolution but even so lateral resolutions of less than 300nm have 
been achieved 
6
. This resolution is adequate to image cells and some of their cellular 
contents, and also see individual fibres within connective tissues. The axial resolution for 
non-linear microscopy is also improved by the dependence on the square of the incident 
power. In the axial direction the incident laser power is proportional to 1/d
2
 where d is the 
axial distance from the focal point and consequently TPF and SHG production is 
proportional to (1/d
4
)
8
.  
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1.3 Second Harmonic Generation 
1.3.1 General theory 
The first non-linear optical process discussed in this chapter is second Harmonic 
Generation (SHG) or frequency doubling. This is a coherent elastic process where two 
excitation photons are simultaneously absorbed in an optically non-linear medium to create 
a SHG photon with a wavelength exactly half that of the excitation wavelength. This 
process is summarized in the energy level diagram shown in figure 1-1. 
 
 
Figure 1-1 Energy level diagram for SHG 
 
Second harmonic generation is described in the second term in the non-linear polarization 
polynomial (equation 2). When the exciting field is a linearly polarized sine wave and the 
medium is isotropic then equation (2) simplifies to:  
( ) ( ) ( )( ).........sinsinsin 33032202010 +++= tEtEtEP ωχωχωχε   (5) 
Where χ1 etc. are scalar dielectric susceptibility coefficients. Using standard trigonometric 
identities we can rearrange to give 
21
. 
SHG  
Photon 2ω 
IR photon ω 
Virtual 
state 
IR photon ω 
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 ( )
( )
( )
( )
( ) ...3sinsin3
4
2cos1
2
sin 30
3
02
0
2
0
0
1
0 +−+−+= ttEtEtEP ωω
χε
ω
χε
ωχε (6) 
In equation (6) the cos2ωt term represents the second harmonic generation and the sin3ωt 
term represents third harmonic generation. The process can also be viewed quantum 
mechanically as the combination of two photons with energy ħω forming a single photon 
with energy 2ħω. Second harmonic generation cannot take place in an isotropic medium i.e. 
where there are no preferred directions. This is because in an isotropic medium a reversal of 
the direction of the electric field causes a reversal in the direction of the polarization, in 
other words polarization is an odd function of electric field. For this to be the case the terms 
in E
2
 would have to be zero ruling out the possibility of second harmonic generation
21
. 
Therefore a necessary condition for generation of second harmonic light is for a medium to 
be non-isotropic on the scale of the wavelength of light, and to lack inversion symmetry
19
. 
 
There are several factors affecting the magnitude of second harmonic generation. It 
depends quadratically on the intensity of the excitation light and will also be affected by the 
polarization and wavelength of the excitation light. It will also depend on the properties of 
the material: the non-linear susceptibility, the phase mismatch between the SHG and the 
excitation light and the distribution and orientation of the SHG sources within the focal 
volume. 
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1.3.2 Phase mismatch and propagation direction 
As SHG is a coherent process it is affected by interference effects and the phase mismatch 
within the sample. The phase mismatch is the value 212 kkq
rrr
−= , where 2k
r
is the wave-
vector of the SHG light and 1k
r
 is the wave-vector of the incident laser light 
18
. The 
differences in phase mismatch for SHG generated in the forwards and backwards direction 
are shown in figure 1-2. For SHG generated in the epi direction the phase mismatch is large 
and for forwards SHG the phase mismatch is much less. 
 
 
Figure 1-2 phase diagrams for forward and epi SHG 
 
The SHG signal will be greatest when the phase mismatch is zero, because in this case the 
SHG generated throughout the sample will be in phase with the incident driving electric 
field and will interfere constructively. However in real materials the phases will not be 
matched due to dispersion (the wavelength dependence of the refractive index). This means 
that there will be some destructive interference between some of the SHG produced at 
different depths within the sample resulting in reduced intensity. The length over which the 
forwards SHG will interfere constructively is called the coherence length and is given by 
the following equation
1
, 
 
12
1
4 nn
Lc −
=
λ
      (7) 
where λ1 is the incident wavelength of the laser and n1 and n2 are the refractive indexes of 
the material for the incident light and the SHG respectively 
1
. Even in low dispersion 
materials there is a large phase mismatch in the epi direction and therefore the signal in this 
direction will be low due to destructive inference and the SHG will be predominantly 
generated propagating in the forwards direction. 
 
Forwards SHG Epi SHG 
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For a linearly propagating laser source in a non-linear crystal all the SHG will be generated 
in the forwards direction. However in many systems excited with a focused laser beam 
SHG may be generated in both the forwards and epi directions. In this case the propagation 
angle and power of the SHG will be dependent on the excitation light distribution and on 
the spatial arrangement of the SHG sources within the focal volume
22
. Assuming that the 
beam has a Gaussian profile and is polarized in the y direction then the electric field in the 
focal volume can be described by the equation 8 in Cartesian co-ordinates:
22-24
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where w and wz are the radii of the beam widths in the radial and axial direction 
respectively, kω is the wave-vector of the excitation light and ξ is the reduction in wave-
vector caused by the phase anomaly or Gouy shift. The beam waists are dependent on the 
NA of the objective and on the wavelength of the excitation light, with the values 
decreasing for higher NA and shorter wavelengths. The parameter ξ is also determined by 
the NA of the objective, with its significance increasing for higher NA objectives. 
 
The total second harmonic electric field in a given direction is given by the integral over the 
focal volume of the electric field in that direction produced by the SHG sources at every 
point. Mertz et al
22, 24
 determined the results for different distributions of SHG sources. In 
the case of a completely uniform distribution of sources over the focal volume their model 
predicted that the SHG light would propagate as a forward directed hollow cone, with the 
angle of the cone being dependent on ξ. This angular distribution is due to the requirement 
of phase matching in a coherent process. The second harmonic photons have a wave-vector 
ωω kk
rr
22 = , but due to the Gouy phase shift the excitation photons have an effective wave-
vector of ωξk
r
and therefore to allow phase matching the SHG light must be generated at an 
angle θ from the z axis where ξθ 1cos−≈ . For more complex distributions of SHG sources 
within the focal volume SHG light was found to also be generated in the backwards 
direction. An example is a sinusoidal variation in density of SHG sources of appropriate 
periodicity in the axial direction. The proportion of the focal volume occupied by SHG 
sources was also found to affect the ratio of light generated in the forward/ backward 
direction.  
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1.3.3 SHG in Tissues 
1.3.3.1 Sources of SHG 
In biological samples there are many structures giving them a high non-linear susceptibility 
through a lack of inversion symmetry and/or chirality. The structures and locations of 
known biological sources of SHG are summarised in table 1.2 
 
Source of SHG Structure Location 
Fibrillar collagen
25
 Rod shaped protein 
molecules with a triple helix 
structure. 
Extracellular matrix. 
Tubulin
6
 Rod shaped protein Cytoskeleton  
Microtubules
26
  Rod shaped protein Cytoskeleton 
Actin/ myosin
27, 28
  Rod shaped proteins Muscle fibres 
Starch
29, 30
 Strings of polysaccharides 
chiral structure 
Food store in plants 
Table 1.2 A summary of biological sources of SHG. 
 
In this project we mainly focus on the second harmonic generation from collagen, as it has 
been the most widely characterised and also is the most abundant structural protein in the 
body
19
. Collagen structure is highly anisotropic: the collagen molecules consist of 3 peptide 
chains arranged in a triple helix to form long rod shaped proteins. These are then organised 
to from fibrils, and therefore provides a strong source of second harmonic generation
19
. The 
second harmonic generation from collagen is enhanced by the chiral properties of the triple 
helix. This is because chiral structures are inherently non-centrosymetric.
31
 
 
Cox et al carried out experiments to determine whether the SHG signal intensity depended 
on the type of collagen present. In tissue samples there were large differences between the 
SHG signal from types I, II and III collagen, but when these collagens were extracted to 
produce amorphous samples of each collagen type, the SHG signals were similar. This led 
them to the conclusion that the differences in the signals were due to different degrees of 
order in the different types of collagen in various tissues rather than a difference in the 
intrinsic SHG producing properties of the different collagen molecules 
32
. 
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1.3.3.2 Polarization effects 
For many sources of second harmonic generation the amount of signal produced is 
dependent on the polarization state of the incident laser light with which the sample is 
excited. In this section we will focus on the polarization sensitivity of SHG from collagen 
as this has been the focus of most previous polarization sensitive studies
18, 19, 23, 25, 33, 34
, 
although other sources of SHG also have polarization sensitivity for example myosin and 
actin structures have been investigated by Chu et al 
27
 and by Plotnikov et al
28
. Most studies 
on the polarization sensitivity of collagen have been carried out on tendon which is 
composed of highly ordered parallel collagen I fibres. 
  
The intensity of the second harmonic signal produced from a collagen sample is dependent 
on the orientation and polarisation state of the laser excitation light with respect to the fibre 
axis. For a linearly polarized laser beam incident on a collagen fibril the amount of second 
harmonic signal produced at different polarization orientations is summarised in table 1.3.. 
For fibrils lying in the plane perpendicular to the direction of laser light propagation the 
amount of SHG produced depends on the angle between the fibre axis and the laser 
polarization. If the light is polarised along the fibre axis the maximum SHG signal will be 
observed whereas if it is polarized perpendicular to the fibre axis the weakest SHG signal 
will be observed 
35
. This means that the polarization dependence of the SHG signal can be 
measured in order to find the orientation of the collagen fibrils within a tissue. This 
technique was used by Yasui et al in 2004 to find the orientation of collagen fibrils in 
various tissue samples 
35
 and this will be pursued in Chapter 6 of this thesis. The intensity 
of the SHG signal also depends on the angle between the collagen fibre and the imaging 
plane. The intensity of the SHG is maximum when the collagen fibre is in the imaging 
plane and very low when the fibre is perpendicular to the imaging plane. (This effect is 
discussed in more detail in the appendix.) 
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Collagen fibre orientation Polarization of incident 
light Parallel to direction of 
light propagation 
In the plane perpendicular 
to direction of light 
propagation 
Parallel to fibre axis N/A Strong SHG signal 
Perpendicular to fibre axis V.Weak SHG signal Weak SHG signal 
Table 1.3 SHG signal dependence on polarization of the incident light.  
(adapted from Yasui et al
35
) 
  
To quantify how the SHG signal varies with fibril orientation and laser polarization let us 
consider the non-linear susceptibility tensor χ2. This tensor is third order and contains 27 
elements. The components of the polarization are from 
1
. 
 ∑=
jk
kjijki EEP χε 0       (9) 
The components of χ2 can be written as follows 
19
, 
( )ijkikjjkikjiijk sscbsssas δδδχ +++=
2
   (10) 
where si, sj and sk are components of sˆ , a unit vector pointing along the axis of the collagen 
fibre, and a, b and c are constants, which depend on the optical properties of the material 
and must be found experimentally. 
 
These expressions can be simplified through the use of “Kleinmann symmetry” which 
states that the elements of the second order susceptibility tensor that are related by 
permutations of the indices are equal, ie kjikijjkijikikjijk χχχχχχ ===== . By requiring 
this symmetry of equation 6 one can see that this implies that 2cb = . Therefore the 27 
elements of the 3×3×3 non-linear susceptibility tensor can be contracted into a 6×3 
Kleinmann D tensor. This assumption of Kleinmann symmetry can be used because second 
harmonic generation is an elastic scattering process and does not involve the excitement of 
electrons into a higher energy state and therefore the polarization can be written as follows 
18, 19
, 
( ) ( ) ( )EsEbEEsbEssaP rrrr .ˆ2.ˆ.ˆˆ 2 ++= .    (11) 
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A number of experiments have been carried out on rats tail tendon in order to characterise 
the polarization sensitivity of type I collagen. The first experiments were carried out by 
Freund et al 
25, 33
 with further work by Stoller et al
18, 19, 34
 and Williams et al
23
. The majority 
of this work has been carried out for the simplest case where the collagen fibres are in the 
plane perpendicular to the laser propagation and for this discussion we take the collagen 
fibril axis sˆ  to be pointing along the x-axis. This arrangement is shown in figure 1-3. 
 
 
Figure 1-3 The orientation of the collagen fibril w.r.t. the laser beam.  
This is the arrangement assumed by Freund et al
25
 in their analysis. The collagen fibre is along the z-
axis and the laser beam is propagating in the z direction and is linearly polarized at an angle θ w.r.t the 
collagen fibril. 
  
In this case the SHG light can be split into 2 components polarized parallel and 
perpendicular to the fibre axis: 
( ) ( ) ( )
22
2 yxyyxxxxx EEP ωωω χχ +=     (12a) 
( ) ( ) ( )yxxyyy EEP ωωω χ22 =  ,   (12b) 
where the coefficients xxxχ  and xyyχ  can be calculated from equation 10, and E(ω)x and E(ω)y 
are the components of the laser electric field in the x and y directions respectively. Taking 
absolute measurements of the SHG intensity is challenging and therefore most polarization 
z 
y 
x 
θ 
Laser polarization 
Laser propagation 
direction 
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sensitivity measurements calculate either the ratio xyyxxx χχρ = or the ratio ba /=γ , both 
of which can be estimated without absolute intensity measurements. The two ratios are 
related via the equation
γ
γ
ρ
31+
= . The intensity of the SHG in each of the polarization 
states as a function of angle θ between the fibres and the laser polarization is given by the 
equations
25
 
 ( ) [ ]222 sincos θθρθ +=xI      (13a) 
 [ ]22sin)( θθ =yI  .     (13b) 
The values of ρ found by curve fitting these equations 13a and 13b in the literature range 
from 1.3 to  2.6. The highest value was from Williams et al
23
 and the lowest value is from 
Freund et al
25
. The difference between the values is thought to arise from the differences in 
imaging area in the experiments. The higher values are obtained when the imaging area is 
small whereas low values are obtained when whole fibres are imaged, as here multiple fibre 
orientations exist in the imaging area due to the crimp of the rats tail tendon. 
 
To find the actual values of the coefficients of χ
(2)
, the laser focal point must be 
characterised. Due to the quadratic dependence of the SHG intensity on the input power the 
production of SHG light depends strongly on the dimensions of the focal point. Also phase 
mismatching within the focal volume needs to be known as this will reduce SHG yield. 
Stoller et al
34
 characterised this by measuring the SHG from a quartz sample (known non-
linear susceptibility tensor) and then using this value in calculations of the second order 
non-linear susceptibility for collagen. For a collagen fibre aligned along the x  axis they 
found that 4.0=xxxχ  pm/V and that the other non-zero components yyxyxyxyy χχχ ==  
were xxxχ68.0 . 
 
The anisotropic structure of collagen means that it is birefringent, i.e. light of different 
polarizations experiences different refractive indices. The optic axis of collagen lies along 
the axis of the collagen molecules. The refractive index for light polarized along the optic 
axis (extraordinary rays) (ne) is greater than the refractive index of light polarized 
perpendicular to it (ordinary rays) (no) and the difference in these refractive indices ∆n = 
(ne – no) is the birefringence. The birefringence of collagen based tissues is a combination 
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of intrinsic birefringence (caused by the optical anisotropy of individual fibres) and form 
birefringence (caused by the difference between the refractive index of medium and the 
anisotropically arranged collagen fibres)
36
. The overall birefringence is tissue dependent 
and has been measured to be about 0.003 for rats tail tendon 
19, 34
 and 3106.00.6 −×± for 
bovine intervertebral disc 
37
. The consequence of birefringence is that the polarization of 
the light changes as it passes through the sample of collagen. Generally linearly polarized 
light will become elliptically polarized and the angle of polarisation will rotate with the 
distance travelled. Birefringence will affect the polarization dependence of the SHG; this 
will be different at different depths in the sample as the polarization of both the incident 
laser light and the exiting SHG will have been rotated by different amounts. The magnitude 
of the effect will depend on the degree of order of the collagen fibrils in the sample. In less 
ordered samples the effects will be less as the direction of the optic axis will vary 
throughout the sample 
19
. Polarization sensitivity in tissues is discussed in more detail in 
chapter 6. 
1.3.3.3 Phase mismatch 
In order to investigate whether phase mismatch is an important factor to consider in non-
linear microscopy of biological tissues we consider the magnitude of the effect in type I 
collagen fibres. To generate SHG light from collagen an incident wavelength of 800nm is 
normally used giving a SHG signal at 400nm. The dispersion relation for collagen at these 
wavelengths gives ∆n = –0.03, this gives a coherence length of 7µm 
34
. Biological tissues 
will not be 100% collagen, but instead will consist of water, collagen and many other 
organic molecules. The dispersion for the relevant wavelengths of light in water is less and 
therefore it has a longer coherence length of 28µm. This means that the coherence length in 
a tissue sample will depend on its composition and has been estimated to be between 5µm 
and 13µm 
38
. In SHG microscopy the focal area in which the SHG light is generated is of 
sub-micron dimensions, which is much less than the coherence length in collagen and 
therefore the SHG signal should not be significantly reduced by destructive interference. 
1.3.3.4 Wavelength dependence 
At least four different experiments have been carried out to measure the wavelength 
dependence of SHG from various collagen samples over the tuneable wavelength range of a 
Ti:sapphire laser (720-980nm).
39-42
 There is little agreement between the spectra reported in 
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the various papers and this suggests that there may be a significant dependence on the 
sample source from which the collagen is taken, or the purification of the sample and the 
solution it is immersed in. Theoretically the intensity as a function of excitation 
wavelength, the interaction length L and the dispersion within the tissue, is expressed in the 
following equation,
38-41
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This equation is for plane waves and therefore will not be a complete description of the 
more complicated case of SHG within the tight focal point of a high numerical aperture 
objective which is typically used for multi-photon microscopy. Substituting known values 
for the dispersion in biological samples and the focal point size of a high NA objective into 
the equation gives a steady decrease in intensity with wavelength over Ti:sapphire 
wavelength range. This qualitatively fits with the data presented by Zipfel et al
42
 but can 
not explain the series of peaks presented in the other papers. A complicating factor is that 
the value of the non-linear susceptibility may change as a function of wavelength as it can 
be increased by a resonant contribution when the energy of the SHG emission overlaps with 
an electronic absorption band within the tissue.
43
  The most extensive study of the SHG 
excitation spectra for collagen was carried out by Theodossiou et al
39
, who found the SHG 
excitation spectrum was different in the forwards and backscattered directions. They also 
observed that changing the medium in which the sample was placed to a refractive index 
matching medium also altered the spectrum.  
1.3.3.5 Propagation Direction of SHG from collagen 
SHG from collagen has been detected in both the forwards and epi direction. A study of 
SHG from tendon and fascia collagen by Légaré et al
44
 revealed that the forwards and epi 
images form thin sections showed different features. The fibrous structure was evident in 
the forwards images and the epi images showed submicron heterogeneities. In thick tissue 
samples a considerable proportion of the SHG generated in the forwards direction will be 
backscattered towards the epi detector. This results in the epi SHG images from thick 
tissues showing similar structural features to the forwards SHG images. 
 
Chapter 1 - Introduction 
30 
 
The proportion of forward and backward scattered SHG generated by collagen fibril of 
different diameters is discussed by Williams et al 
23
. They found that the diameter of the 
collagen fibrils had little effect on the ratio of forwards to backwards SHG, and suggested 
that this behaviour was in better agreement with a model based on the work of Mertz et al 
in which SHG is generated on the surface of a cylindrical collagen fibril rather than from 
the entire volume of a solid cylinder. Also the effect of the environment on the ratio of 
forward to backward scattered light, was investigated and was found to be dependent on the 
salt concentration with a larger proportion of backwards SHG at higher salt concentrations. 
They hypothesised that the SHG is only generated in the cylindrical outer-shell of the 
collagen fibril and that changing the salt concentration changes the thickness of this shell. 
Hence the distribution of the SHG sources within the focal volume is changed and therefore 
the ratio of forwards to backwards SHG
23
. 
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1.4 Two-Photon Fluorescence 
1.4.1 General Theory 
Two Photon Fluorescence (TPF) involves the simultaneous absorption (i.e. as a single 
quantum event in a time period of around 0.1fs, given by the uncertainty principle) of two 
photons. The energy from the photons excites an electron into a higher state, the excited 
electron then returns back to its ground state via thermal relaxation followed by the 
emission of a single fluorescent photon
3
. The excitation photons are typically in the near 
infra red and each have approximately half the energy needed to raise an electron into the 
excited electronic state. The process is summarised in the following energy level diagram, 
figure 1-4. 
 
 
Figure 1-4 The energy level diagram for two-photon fluorescence 
 
TPF photons can be distinguished from SHG photons, as TPF is an inelastic process 
compared to the elastic process of SHG. Therefore the TPF will always be produced with a 
longer wave-length than SHG which will always be at a wavelength half that of the laser 
Fluorescence 
Visible photon 
IR photon 
IR photon 
Thermal Relaxation 
Virtual 
state 
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excitation wavelength. The wavelength of the TPF light is longer because some of the 
excitation energy is lost though non radiative dissipation. 
 
Unlike SHG and CARS, TPF is an incoherent process. This means that we do not have to 
consider the phase mismatch between the TPF and the laser excitation light as the TPF is 
generated out of phase and therefore there are no effects of constructive or destructive 
interference within the focal volume to consider.   
 
The requirement for simultaneous absorption of two photons means that TPF cross-sections 
are very small, and are measured in units of Göppert Mayers (GM)
3
. The unit is named 
after the person to first predict TPF and is defined as, 1GM = 10
-58
m
4
s.  
 
As the electron in TPF is excited to a real excited energy state it can remain in this state for 
a finite time (typically a few nanoseconds, dependent on the fluorophore) before returning 
to its original energy state via fluorescence. This means that fluorescent processes become 
saturated when the probability na that a fluorophore simultaneously absorbs two photons 
during a single laser pulse approaches 1. This probability is given by: 
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       (15) 
where δ2 is the interaction cross section, Pave is the time averaged power output of the laser, 
τp and fp are the pulse width and repetition rate respectively, NA is the numerical aperture of 
the objective and λ is the excitation wavelength.
3, 45
 When using a Ti:sapphire laser with 
100fs pulses at a typical power of 1-50mW and a high numerical aperture lens, a 
fluorophore with a typical cross section of 10GM will be approaching saturation.
3
 For 
efficient TPF the time between pulses of the laser needs to be comparable with the 
relaxation rate of the fluorophores, and the 84MHz repetition rate of a Ti:sapphire lasers is 
of the right order of magnitude. The cross-sections for endogenous fluorophores are much 
less than those for fluorescent dyes and therefore for studies based on the intrinsic 
fluorescent properties of tissues, such as those reported in this thesis, the effects of 
saturation will be less significant. 
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TPF cross-sections can not be quantitatively predicted from the single photon cross-
sections for the same fluorophore, but generally the peak in the TPF cross-section is found 
at about twice the wavelength of the peak in the single photon cross-section
3
. The TPF 
wavelength peak is never red shifted from the value of twice the single photon excitation 
peak but is often blue shifted from this value
46
. 
 
Typically the emission spectrum for a given fluorophore is the same for two-photon 
excitation as for single photon excitation
46, 47
. Both are also usually independent of the 
excitation wavelength used
48
. This is due to Kasha’s rule which states that the electron 
usually decays to the bottom of the energy level (via thermal relaxation) before decaying to 
the ground state via the emission of a fluorescent photon
49
. However the spectrum of some 
endogenous fluorophores (for example collagen fluorescence
50
) has been found to be 
dependent on excitation wavelength, with the peak of the fluorescence shifting to shorter 
wavelengths as the excitation wavelength is decreased. This is the case when the excitation 
wavelength used is longer than the peak excitation wavelength. This effect has to be 
considered for fluorophores which have a shorter peak excitation wavelength than the range 
of the Ti:sapphire laser typically used for TPF
51
.  
 
Many fluorescent samples exhibit fluorescence anisotropy if excited with polarized light 
resulting in the fluorescent signal being partially polarized. This effect results from the 
existence of transition moments for absorption and emission which lie along specific 
directions within the molecule structure. Even in a homogeneous solution where the all the 
fluorophores are randomly orientated the TPF may be polarized as the molecules with their 
fluorescent dipoles orientated parallel with the electric field vector will be preferentially 
excited. This effect is greater for multi-photon excitation than for single photon 
fluorescence as the probability of a fluorophore being excited is proportional to θ2cos  for 
single photon fluorescence and θ4cos  for two-photon fluorescence, where θ is the angle 
between the excitation light polarization and the absorption transition dipole. Therefore the 
population of excited fluorophores is not randomly orientated, but instead has a higher 
population of molecules with their transition moment parallel with the electric field. When 
a fluorescent molecule emits the fluorescence it acts like a radiating dipole aligned along 
the emission transition moment. The intensity of the radiation is proportional to 
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ξ2cos where ξ is the angle from the plane perpendicular to the fluorescent dipole moment. 
This means that for samples with polarization anisotropy there will also be a preferred 
direction of the fluorescence signal with most light being generated in the plane 
perpendicular to the dipole. 
 
The light is emitted polarized along the emission dipole moment, which is not always 
parallel with the absorption dipole. When measuring the fluorescence polarization 
anisotropy of a fluorescent sample the anisotropy parameter r is usually calculated. This 
parameter is defined as 
⊥
⊥
+
−
=
II
II
r
2||
||
 ,      (16) 
where ⊥I is the intensity of the fluorescence polarized perpendicular to the laser 
polarization and ||I is the intensity of the fluorescence polarized parallel to the laser 
polarization. This equation assumes a homogeneous distribution of fluorescent molecules, 
for example a solution, in a fibrous material there will be a fixed frame of reference and the 
anisotropy will depend on the laser polarization with respect to the fibres. 
 
The maximum fundamental anisotropy 0r  for an isotropic distribution of fluorophores is 
0.4 for single photon fluorescence and 0.57 for two-photon fluorescence. These values are 
for fluorophores where the absorption and emission transition moments are perfectly 
aligned. For many fluorophores this is not the case and there is an angle β between the 
absorption and emission moments. In this case the value of 0r  depends on the angle β as 
follows 
 
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A cause of low anisotropy from a sample is rotational diffusion of the fluorophores. For 
small flourophores in a low viscosity fluid (e.g. fluorescein in water) the rate of rotation is 
typically faster than the fluorescent life-time of the molecule and therefore this results in a 
loss of anisotropy. For larger fluorophores in a viscous solution the rotation is slower and 
therefore there is still some anisotropy. Therefore for fluorephores in the extracellular 
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matrix fluorescence anisotropy is unlikely to be completely lost through rotation 
diffusion.
49
  
1.4.2 Biological TPF 
To interpret the TPF images taken of tissues it is important to have some knowledge of 
which molecules are producing the TPF. Known endogenous two-photon fluorophores are 
NAD(P)H, flavins, lipofuscin, porphyrins, collagen and elastin, these fluorophores and their 
excitation properties are summarised in table 1.4
45
. Most proteins exhibit single-photon 
fluorescence due to the amino acids tryptophan and tyrosine, but in two-photon 
fluorescence these amino acids cannot be excited by the 800nm IR laser pulse typically 
used as their one-photon absorption lies in the UV between (250-300nm) and they would 
typically need excitation light between 500-600nm to excite two-photon fluorescence
4
, 
although fluorescence may possibly be generated by three-photon excitation. Within the 
cells the most important sources of TPF are NAD(P)H and the flavins, and both of these 
may be excited by the 800nm excitation beam
4, 5
.  
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Fluorophore Excitation Wavelength 
(peak) 
TPF cross-section (GM) 
Endogenous fluorophores 
NAD(P)H
42
 690-730 9 ×10
-2 
Flavoproteins (flavins)
42
 700-730 0.1-0.8 
Lipofuscin
42
 700-850 high 
Retinol
42
 700-830 7 ×10
-2
 
Pyridoxine (vitamin b6)
42
 690-710 8 ×10
-3
 
Folic acid
42
 700-770 7 ×10
-3
 
Cholecalciferol
42
 <700 6×10
-4
 
NFT (neurofibrillary 
tangles)
42
 
700-780 unknown 
Collagen ≤750
41
 unknown 
Keratin
51
 ~720 2.5 ×10
-3
 
Elastin
42
 700-740 unknown 
Commonly used Fluorescent dyes 
Flourescein 780nm
52
 38 (at 780nm) 
48
 
Table 1.4 A summary of known two photon fluorophores. 
 
The fluorescence of certain molecules such as NAD(P)H and flavoprotiens is dependent on 
their external environment, for example the oxidative state. NAD(P)H is only fluorescent in 
its reduced state and flavoproteins are only fluorescent when oxidised. This makes it 
possible to investigate the metabolism of cells through studies of their TPF. In many tissues 
some of the sources of TPF have not yet been identified, for example little is know about 
the source of the TPF in the extra-cellular matrix of cartilage. In this thesis we attempt to 
identify the sources of TPF from the extra-cellular matrix.  
 
In contrast to SHG, photo-bleaching and photo-damage will occur with the TPF. This is 
because TPF is an inelastic process with energy being absorbed by the fluorophores. 
Understanding and minimising these effects is clearly important if non-linear microscopy is 
to be developed as an in-vivo technique and it is important also to consider them when 
carrying out experiments in-vitro as these processes are likely to impact on the 
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quantifiability of the experiments. Measurements of photo-damage on tissues have found 
that the amount of damage depends quadratically on the excitation power and therefore the 
primary damage mechanism is via two-photon absorption.
4, 53
 Some studies have measured 
a higher power law for the dependence of photo-bleaching and damage on power, 
indicating that higher order processes (three and four photon absorption) may also be 
causing photo-bleaching and damage
54
. The photo-bleaching mechanism affects the 
selection of laser powers and pulse widths to minimise it. For a two-photon damage 
mechanism the amount of photo-damage relative to the fluorescence intensity is 
independent on pulse width, whereas for a three-photon process shorter pulse widths will 
cause a larger increase in bleaching relative to the increase in fluorescence
53
.  
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1.5 Coherent Anti-Stokes Raman Scattering CARS 
1.5.1 General Theory 
The third non-linear optical process which is used in this thesis is Coherent Anti-stokes 
Raman Scattering (CARS). This is a process, in which the contrast mechanism relying on 
the vibrational properties of the sample. CARS enables the extremely weak Raman 
scattering effect to be enhanced by pumping the sample with two laser beams. Raman 
scattering is an inelastic scattering process involving the vibrational modes of the scattering 
molecules. There are two types of scattering: Stokes Raman scattering and anti-Stokes 
Raman scattering. In Stokes Raman scattering part of the energy of the scattered photon is 
transferred to a bond vibration in the scattering molecule and the scattered photon 
consequently has less energy and a longer wavelength. In anti-Stokes Raman scattering the 
scattered photon gains energy from a bond vibration within the scattering molecule and 
consequently has a shorter wavelength. The anti-Stokes Raman scattering process has a 
much smaller cross-section than Stokes Raman scattering. Raman spectroscopy has been 
developed as an analytical technique allowing different molecules to be identified by their 
specific vibrational frequencies. Characteristic peaks occur in the Raman spectra at Raman 
shifts which correspond to the energy of specific bond vibrations.
7
 
 
To produce a CARS signal two laser beams must be focused on the sample. These are the 
Stokes laser beam (ωs) and the pump laser beam (ωp). The CARS signal is generated with a 
frequency spAS ωωω −= 2 . If the difference between the frequency of the Stokes beam and 
the pump beam ( )sp ωω −  corresponds to the frequency of a vibration of a molecular bond 
within the sample the CARS signal is strongly enhanced. The energy level diagram for the 
CARS process is shown in figure 1-5a. 
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Figure 1-5 The energy level diagrams for three CARS processes; 
resonant CARS (a), non-resonant CARS (b) and two-photon enhanced non-resonant CARS (c).  |0> and 
|1> represent the ground vibrational state and the excited vibrational state respectively. Resonant 
CARS occurs when ( )sp ωω − is tuned to the energy difference between these two vibrational states. 
(modified from a figure by Cheng et al 2001
55
) 
 
The major advantage of CARS microscopy is that it can be used without staining to image 
many molecules within the sample which have no intrinsic fluorescence and do not exhibit 
second harmonic generation. To produce contrast for a specific molecule the frequency of 
the pump and Stokes laser beams are tuned so that the difference between them corresponds 
to a bond vibration which occurs within the molecule (this would be represented by a peak 
in the single photon Raman spectrum).  For example for imaging the lipids within a sample 
the lasers are tuned so that ( )sp ωω −  corresponds the vibrational frequency of the C-H 
bonds which exist in large numbers in the hydrocarbon chains of the lipids.  
 
CARS is a third order non-linear process and is therefore governed by terms within the 
third order non-linear susceptibility tensor ( )3χ . The intensity of the CARS signal is 
ωp ωs ωAS 
ωp 
|0> 
|1> 
ωp ωs ωAS 
ωp 
|0> 
|1> 
|0> 
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ωp 
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a, Resonant CARS 
b, Non-resonant CARS 
c, two-photon enhanced non-
resonant CARS 
electronically excited state 
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dependent quadratically on the intensity of the pump beam and linearly on the intensity of 
the stokes beam  
( ) 232 χPSCARS III ∝ .       (18) 
As the CARS intensity is proportional to ( )
2
3χ it is dependent on the square of the number 
of vibrational modes within the excitation volume. This is due to the coherent nature of the 
process with all the vibrational modes oscillating in phase and interfering constructively. 
This increases the specificity of CARS when imaging lipids via the CH2 bond vibrations. 
CH2 bonds occur within most organic molecules but are at a very high density within the 
hydrocarbon tails of lipid molecules. 
 
There are three terms in ( )3χ  and these are shown in equation 19. The first term is the 
resonant ( ) ( )∆3Rχ  which corresponds to enhanced CARS signal where ( )sp ωω −  
corresponds to a bond vibration, the second term is a non-resonant term ( )3NRχ  which 
corresponds to the bulk electronic vibrations and the third term corresponds to the two-
photon enhanced non-resonant contribution. 
 ( ) ( )
TpT
T
NR
R
R
i
A
i
A
Γ−−
++
Γ−∆
=
ωω
χχ
2
33     (19) 
In equation (19) Rsp Ω−−=∆ ωω  (this is referred to as the detuning), with 
RΩ corresponding to the central frequency of the Raman spectral line of the bond vibration 
being excited with a band width of ΓR 
7
. Tω  corresponds to the frequency of an electronic 
transition and TΓ  is the band width of this transition. AR and AT are constants representing 
the cross-sections for the Raman scattering and two-photon absorption respectively.
56
 The 
non-resonant term is largely independent of ( )sp ωω − , whereas the contribution of the non-
resonant term is dependent of the tuning of the laser frequencies. The contribution of the 
two-photon enhanced term can be minimised if the laser pump beam is tuned to 
wavelengths away from those that can excite electronic transitions via two-photon 
excitation and this is generally true when it is tuned to longer wavelengths
55
.  The 
nonresonant CARS process is shown in figure 1-5b If the pump wavelength corresponds to 
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a peak in the two-photon fluorescence absorption the non-resonant CARS is enhanced, this 
process is shown in figure 1-5c
55
. 
 
Expanding the expression for ( )
2
3χ shows that the CARS signal is dependent of three 
terms. When pω is tuned away from two-photon electronic transitions so that the two-
photon enhanced term may be ignored, 
 ( ) ( ) ( ) ( ) ( ) ( ) ( )∆+∆+∝∆ 332323 Re2 RNRRNRCARSI χχχχ .    (20) 
The first term in this expression represents the non-resonant background and the second 
term represents the resonant contribution and hence provides information on the 
concentration of the resonant scatters within the sample. The final term is a mix of 
contributions of the resonant and non-resonant terms. In figure 1-6 a plot of this function is 
shown. The non-resonant background remains constant as a function of the detuning, and 
the resonant term peaks at 0=∆ . The mixed term is negative for when the 
( )
Rsp Ω〉−     ωω , this results in a decrease in Raman intensity at Raman shifts which are 
blue shifted with respect to centre of the Raman peak. In imaging, this results in a negative 
contrast with the areas containing a large number of resonant scatters appearing as dark 
spots with respect to a brighter non-resonant background
7
.  
 
Figure 1-6 CARS signal as a function of the detuning ∆ 
A plot of the components of the CARS signal as a function of the detuning ∆ (a) and a plot of the overall 
CARS intensity as a function of ∆ (b) (reproduced from a figure in Evans et al 2008
7
) 
The non-resonant background limits the contrast in CARS microscopy. The solvent in 
which the sample is contained often contributes to the resonant background. For example 
water produces a strong resonant signal with a broad spectral range. In order to be able to 
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distinguish between the non-resonant background and the resonant CARS signal images 
need to be taken at different values of ( )sp ωω − . The first image will be taken with 
( )
sp ωω −  tuned to the vibrational frequency of the bonds of interest, a second image will 
be taken with ( )sp ωω −  tuned to a frequency which corresponds to the dip in CARS 
intensity shown in figure 1-6, and finally another image taken with ( )sp ωω − tuned far 
away from the bond resonance. The areas of high concentration of bond vibrations will 
only show up as high intensity features in the first image, dark negative contrast features in 
the second image and will be absent from the third image. 
7, 57
  
 
For CARS imaging picosecond pulses have been found to be preferable to femtosecond 
pulses. Although, with shorter pulse widths, the overall CARS intensity is greatest due to 
the higher instantaneous laser power, the resonant CARS signal is overwhelmed by the 
non-resonant background. This is because the resonant CARS signal is saturated at the 
shorter pulse durations as the spectral width of the laser excitation beam is greater than the 
Raman line width. The ratio of resonant CARS to the total CARS intensity increases with 
pulse duration over the femtosecond range and plateaus at a pulse duration of 
approximately 2ps. For CARS imaging, the ratio of resonant to non-resonant background 
signal is more important than the overall signal intensity as the chemical specific data is all 
contained within the resonant signal. Consequently picosecond laser excitation sources are 
best suited to CARS imaging
58
.  
 
CARS is a coherent process and therefore the direction of the signal is determined by the 
phase matching conditions. This is important for understanding the differences between the 
CARS signal detected in the forwards and backwards directions. A qualitative description 
of the effect of phase matching on the signal in the forwards and backwards directions can 
be obtained from the equation for the CARS signal for plane waves propagating through a 
slab of thickness D: 
 ( )
( )







 ∆
=
2
sin
2
2
2
322
Dk
cPD
cn
I AS
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DAS
r
ω
pi
    (21) 
Where nAS is the refractive index for the anti-Stokes light, c is the speed of light in a 
vacuum, ωAS is the angular frequency of the anti-Stokes light and 
)3(P
r
 is the third order 
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polarization of the sample. The phase mismatch k
r
∆  is given by )2( spAS kkkk
rrrr
−−=∆ , 
where pk
r
, sk
r
and ASk
r
 are the wave-vectors of the pump, Stokes and anti-Stokes photons. 
Assuming that the dispersion in the refractive index for these wavelengths is negligible (i.e. 
PsAS nnnn ≈≈≈ ) then there will be no phase mismatch in the forwards direction 
( )0=∆kr . This means that there will be constructive interference and the signal in the 
forwards direction will increase quadratically with D as 1
2
sin 2 ≈






 ∆ Dk
c  . In the epi 
direction there will not be phase matching as ASk
r
is in the opposite direction to pk
r
and sk
r
 
and this gives ( )ASnk λpi4≈∆
r
 and therefore there is destructive interference, which results 
in the CARS intensity oscillating as a function of D. Volkmer et al
59
 calculated the epi and 
forwards signal for scatters of different diameters D within the focal point of a high 
numerical aperture objective and their results are shown in figure 1-7. Their results showed 
that the epi CARS signal drops dramatically for larger scatterers, while the forwards CARS 
signal increases and starts to plateau when the scatterers approach the size of the focal 
volume. Water will be present throughout the focal volume and will therefore act as a large 
scatter generating non-resonant CARS. In the forwards direction its effect will be large, 
however it is negligible in the epi direction. This makes epi CARS more efficient for 
imaging small features which are smaller than the wavelength of the pump laser. The 
forward CARS efficiency on the other hand increases with the size of the objects being 
imaged with the upper limit of the amount of signal generated being imposed by the size of 
the focal volume from which the signal can be generated. 
59
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Figure 1-7 Dependence of the CARS signal on the size D of the scatter.  
Data for the forwards and epi direction (from a figure in Volkmer  et al
59
) 
 
1.5.2 Raman Selection Rules 
Not all bond vibrations can be investigated through Raman and CARS spectroscopy. For a 
vibration to be Raman active the polarizability of the molecules must change during the 
vibration. To determine whether this is the case the polarizability ellipsoid can be plotted 
for the centre and the extremes of the vibration. If the shape, size or orientation of the 
ellipsoid changes then the vibration will be Raman active. For simple molecules with a 
centre of symmetry (for example CO2) the mutual exclusion principle applies. This states 
that vibrations which are symmetric with respect to the centre of symmetry (for example 
symmetric stretching) are Raman active, whereas vibrations which are anti-symmetric with 
respect to the centre of symmetry (for example anti-symmetric stretching and symmetric 
bending) are not Raman active.
60
 For larger more complex molecules this principle is 
relaxed due to less symmetry within the molecule. 
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1.5.3 Biological applications of CARS 
CARS imaging is well suited for biological research as it allows the investigation of 
unstained samples. The majority of CARS imaging to date has been done using the CH 
bond resonance which provides good contrast for lipids, however different bond vibrations 
have also been investigated for imaging the DNA and proteins. The bond vibrations and the 
structures they provide contrast for are summarised in table 1.5.  
 
Bond Vibration ( )
sp ωω −  Provides contrast for: Cell structures images 
CH2 symmetric 
stretching vibration 
2845 cm
-1
 
7
 
2840 cm
-1
 
58
 
Lipids 
Polystyrene beads 
Starch Grains 
Lipid droplets 
Myelin sheath 
58
 
Aliphatic C-H 
stretching vibration
61
 
2870 cm
-1
 Lipids Lysomes, mitochondria, 
Nucleus envelope,  
PO2
-
 symmetric 
stretching vibration
61
 
1090 cm
-1
 DNA  Choromosomes 
Weak signal from 
cytoplasmic organelles 
Amide I
62
  1650 cm
-1
 proteins  
Symmetric H2O 
stretching vibration
58
 
3200 cm
-1
 water Water within the axion in 
spinal tissues 
Table 1.5 CARS vibrational modes in biological tissues. 
 
Living cells have been imaged using CARS microscopy and the following cellular 
structures were apparent with the laser tuned to the C-H and CH2 bond vibrations; nucleus 
membrane, mitochondria (these contain an outer lipid membrane and a folded inner lipid 
membrane), lysosomes and lipid droplets.
61
 In order to confirm that bright rod shaped 
mitochondria within the images were mitochondria Cheng et al
61
 marked these with a 
fluorescent label and carried out con-focal microscopy on the sample. Tuning to the 
vibrations within the DNA backbone allowed Cheng et al to image the chromosomes within 
the cells and observe changes which occur during the cellular processes of mitosis and 
apoptosis. 
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CARS is also useful for tissue imaging, where it offers the same advantages as SHG and 
TPF imaging but also a variety of different contrasts. Some of the tissues investigated to 
date include skin
63, 64
, spinal tissues
58
, kidney tissue
7
 and brain tissue
65
. CARS imaging was 
found to be able to give high resolution images of mouse skin tissue up to a depth of 
120µm
64
. Structures which contain a high lipid content showed the highest contrast for 
example the myelin sheath in spinal tissue which is 70% lipid
58
 and adipose cells which 
function as a fat store. The differences between the epi and forwards CARS signals can be 
advantageous for biological imaging allowing a pair of complementary images to be taken. 
The Epi detection has very little non-resonant background and allows the visualisation of 
small scattering objects whereas the forwards CARS contains a large proportion of non-
resonant signal. Some structures for example red blood cells have a very high epi CARS 
signal due to a contribution from two photon enhanced non-resonant CARS. These features 
of CARS have been used to provide 3D imaging of the red blood cells within the fish gill. 
With the cells of the gill showing clearly in the epi images and the red-blood cells only 
visible in the forwards CARS image
66
. 
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1.6 Extracellular Matrix Biology 
Biological tissues consist of cells surrounded by an extra cellular matrix, where the cells 
determine the metabolic properties of the material and the matrix provides structure and 
determines the physical properties. Non-linear microscopy is a highly valuable tool for 
investigating the extra-cellular matrix as it enables imaging of individual fibres within the 
matrix and the differentiation between collagen and elastin fibres
67, 68
. It also allows the 
cells and some cellular components to be imaged
6
. In this section we discuss the structure 
of the extra-cellular matrix, its principle fibrillar proteins collagen and elastin and the other 
major matrix components. A schematic diagram of the extracellular matrix is shown in 
figure 1-8. 
 
Figure 1-8 A schematic diagram of the ECM 
( reproduced from a figure by Gribbon et al
69
 ) 
 
Collagen is the most abundant structural protein in the human body, forming a major 
component of tendon, bone, skin, ligament, cornea and cartilage. Its physical characteristics 
are high tensile strength and inextensibility. Collagen fibrils have a hierarchical structure. 
Each collagen molecule is composed of three polypeptide chains, each approximately 1000 
amino acids in length. These chains are referred to as alpha chains, and they have a left-
handed helical structure
70
. The three polypeptide chains are coiled together to form a right-
handed triple helix 
18
, which is about 300nm in length and 1.5nm in diameter 
70
. The 
collagen molecules are then arranged into micro-fibrils consisting of a bundle of 5-6 
molecules 
18
. The molecules are arranged in a highly regular way so that they overlap by a 
Cell 
water 
Cell membrane 
protein 
Collagen fibre 
Cell membrane 
hyaluronan 
large 
proteoglycan 
small 
proteoglycan 
fixed ion 
free ion 
100nm 
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quarter of their length. These micro-fibrils are about 4nm in diameter 
70
. The organization 
of collagen structure from the alpha chains to the microfibrils is described in figure 1-9. 
The micro-fibrils twist together to form larger bundles called fibrils with diameters between 
20 and 500nm
18
. In some cases, for example in tendon, the fibrils may be organised into 
structures called fasicles which are bundles of fibrils surrounded by a fascia (sheet of 
fibrous tissue). These fasicles may be large enough to be seen by the naked eye
18
.  
 
Figure 1-9 A schematic diagram of collagen structure up to the microfibrillar level. 
 
There are at least 28 different types of collagen in the vertebrates, and other collagen like 
proteins
71
. The different types of collagen can be divided into two different groups, fibrillar 
and non-fibrillar. The fibrillar collagen types form fibrils (type I, II and III collagen) as 
described above whereas the non fibrillar types form sheets (type IV collagen) or links 
(type VI and IX collagen)
32
.  
 
The highly ordered structure of collagen also gives it other interesting optical properties as 
well as a high non-linear susceptibility. Collagen exhibits both birefringence and bi-
attenuation. For the type I collagen in tendon the birefringence and bi-attenuation have been 
measured to be 0.0045
72
 and ranging from 1.2×10
-4
 to 5.3×10
-4
 respectively
73
. These 
Triple helix 
Alpha chain (left handed helix 
structure) 
300nm 
1nm 
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properties become an important consideration when imaging thick tissue samples with high 
collagen content. 
 
Elastin is an elastic protein found in the extra-cellular matrix and it exhibits 70% 
extensibility and recoil
74
. It is especially abundant in tissues which have to contract after 
repeated stretching for example the alveoli, blood vessels, perichondrium and skin
75
. A 
significant fraction of the amino acids in the elastin polypeptide chains are apolar and these 
are arranged into hydrophobic domains, whereas the polar amino acids form hydrophilic 
regions where the chains are cross-linked via the tetra-valent cross links of desmosine and 
isodesmosine.
74
 
76
 Elastin in tissues is usually in the form of elastic fibres. These consist of 
a core of elastin surrounded by microfibrils. The microfibrils are thought to form a frame 
work for the growing fibre and the proportion of microfibrils to elastin is found to decrease 
with the age of the sample
77
. 
 
Proteoglycans are another important constituent of the extra-cellular matrix, these are large 
macromolecules which are found in all connective tissues
78
. They consist of 
glycosaminoglycan side chains attached to a protein core 
79
. The glycosaminoglycan side 
chains are un-branched polysaccharide chains consisting of repeating disaccharide units. 
On these chains there are up to 100 negatively charged sulphate or carboxylate groups. The 
proteoglycans can have from 2 to 100+ side chains and this leads to a potential of 10,000 
negatively charged groups per molecule. The negative charged groups are very important to 
the properties of the proteoglycans as they are hydrophilic and attract water and positively 
charged ions into the molecule; this generates a swelling pressure. The swelling pressure 
caused by proteoglycans is especially important to the physical properties of cartilage (see 
section 1.6.1). In cartilage the proteoglycans join together to form aggregates with many 
proteoglycans attached to a hyaluronic acid backbone. These aggregates may be about 1µm 
diameter. Figure 1-10 shows the structure of a proteoglycans aggregate.  
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Figure 1-10 The structure of a proteoglycan aggregate as found in cartilage 
 
In this thesis the cartilage, intervertebral disc, elastic cartilage and tendon are imaged and 
the structures of these tissues are discussed in the following sections. All these tissues are 
ideal candidates for imaging using non-linear microscopy as they have a high content of 
either collagen or collagen and elastin. Both of these structural proteins are well highlighted 
by our techniques as discussed earlier.  
Proteoglycan 
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Proteoglycan 
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1.6.1 Cartilage Biology 
Much of the work in this thesis focuses on imaging articular cartilage. This tissue is highly 
suitable for imaging with non-linear microscopy as it has a high collagen content (enabling 
SHG imaging) and also exhibits TPF from the extra cellular matrix
80
. The aim of the 
research was to interpret the images of healthy articular cartilage and then to make a 
comparison between healthy and osteoarthitic cartilage tissue. 
 
Articular cartilage is found covering the ends of the bones in the synovial joints 
81
. Its 
purpose is to reduce the friction in the joints and to act as shock absorber in order to protect 
the joints from jarring 
82
. Articular cartilage is composed of 72% water 
83
. When the water 
has been removed collagen makes up approximately 66% of the dry mass and another 18% 
is composed of proteoglycans. Articular cartilage has a very low cellular content with about 
1-10% of the volume of the tissue being occupied by the chondrocytes (cartilage cells).
84
 
The proteoglycans are held within a mesh of type II collagen fibres. The tension in the 
collagen fibres acts to balance the swelling pressure generated by the proteoglycans. 
Collagen fibres also provide the cartilage with mechanical strength, resisting both shear and 
tensile stresses. The swelling pressure caused by the proteoglycans provides resistance to 
water flowing through the cartilage. This enables cartilage to support compressive loads 
79
. 
 
Type II collagen forms much thinner fibrils (typically 30-200nm) than the fibrils of type I 
collagen that has been extensively studied using SHG. Under transmission electron 
microscopy (TEM) the collagen fibres are seen to form a meshwork which appears less 
ordered than in many other connective tissues, however it is still possible to observe a 
preferred collagen fibre orientation at both the ultra-structural and macroscopic levels
85
 
When articular cartilage is viewed between crossed polarizers it is possible to observe four 
different zones of increasing in depth, which contain different collagen fibril orientations. 
Here it is only the predominant collagen fibre orientation which is being observed through 
differences in birefringence as the individual fibres are too fine to be resolved. In the 
superficial zone of the cartilage fine fibrils of collagen (about 30nm in diameter) are found 
to be running parallel to the cartilage articular surface, for this reason it is also referred to as 
the tangential zone. Beneath this is an intermediate or transitional zone containing many 
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different orientations of collagen fibres. This leads into the deep or radial zone of the 
cartilage where the preferred fibril orientation is radial from the subchondral bone and 
orthogonal to the cartilage surfaces. Finally, at the bone cartilage interface there is a zone of 
calcified collagen (approximately 0.1mm thick), which is separated from the un-calcified 
cartilage by the tidemark. The collagen fibres in calcified cartilage are also predominately 
arranged radially from the bone and this region acts to anchor the fibres in the radial 
zone.
74, 83, 85
 The different zones of the articular cartilage are shown in figure 1-11. This 
structure was first described by Benninghoff in 1925 
74
. The thickness of the articular 
cartilage varies between species and joints. It will also vary over a given joint surface in the 
equine metacarpophalangeal joint which is used as a sample source in these experiments 
the thickness ranges from about 700-1400µm. The approximate thickness of the zones are 
as follows; superficial zone (50µm), transitional zone (100-200µm), radial zone (600-
1000µm) and calcified zone (100µm). 
12
 
 
In addition to the collagen II fibres, collagens III, VI, IX, X, XI, XII and XVI are also 
found in articular cartilage. Type XI and XI collagen are predominantly found in the 
thinner collagen fibres, either in young growing cartilage or in the pericellular matrix. In 
mature cartilage the content is approximately 1% type IX and 3% type XI. The collagen II, 
XI and XI are joined together in cross linked polymers.
85
 Collagen III fibres are found in 
small quantities in both normal and osteoarthritic cartilage. In osteoarthritic cartilage the 
collagen III fibres appear to be mostly synthesised in the superficial and upper middle 
zones. Type XII and XIV collagen are found in cartilage but are not strongly bound to the 
matrix. Type X collagen is found in the calcified zone. 
 
The size of the fibril is not uniform throughout the tissue, the superficial zone 
predominantly contains thin fibres whereas the deeper zones contain a greater variety of 
fibre diameters. Differences can also be observed between the intracellular matrix and the 
pericellular matrix, with the fibres becoming increasingly thicker with distance from the 
chondrocytes.
85
 The fibrils forming the fine meshwork of the pericellular matrix are only 5-
10nm in diameter. The pericellular matrix is typically 1-3µm wide, with an abrupt 
transition to the more coarsely fibred extracellular matrix. Beyond the pericellular matrix is 
the territorial matrix which is a region approximately 50µm in diameter which surrounds a 
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cell or group of cells. This region of the matrix contains a high concentration of 
proteoglycans. 
 
The elastic subgroup of cartilages (including cartilage of the ear and the epiglottis) is 
known to contain elastin fibres, these are most concentrated in the pericellular matrix
86
. 
Articular cartilage was thought not to contain a significant proportion of elastic fibres. 
However immunohistological staining carried out by Naumann et al showed a small 
proportion of the cells staining strongly for elastin in their pericellular matrix
86
, a recent 
non-linear microscopy study on articular cartilage also reported fluorescent fibres in the 
superficial zones
80
 and an electron microscopy study also found a population of fibres 
separate to the collagen which were attributed to elastin.
87
 
 
 
Figure 1-11 A schematic diagram of the zonal structure of cartilage. 
Showing the collagen arrangements in the different zones (left) and the changes in the chondrocytes 
(right) 
 
The distribution of proteoglycans changes throughout the tissue, with the 
glycosaminoglycan concentration decreasing towards the articular surface. The proportion 
of the glycosaminoglycan keratan-sulphate relative to the primary component chondroitin 
sulphate increases with depth into the cartilage and in the deep zones it may form over 50% 
of the glycosaminoglycans. At the articular surface both chondroitin sulphate and keratan –
sulphate have low concentrations. Water content is greatest at the articular surface about 
75% of net weight
74
. 
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The distribution and shape of chondrocytes vary with depth into the cartilage and this is 
shown in figure 1-11. At the articular surface there is a 2-3µm layer before any cells are 
observed. The cells in the superficial zone have a flattened shape and are aligned with their 
flat surfaces parallel to the articular surface. This means that in sections taken perpendicular 
to the articular surface they appear cigar shaped. They are typically about 14µm in length 
and 3µm in depth. Chondrocytes are more numerous here than elsewhere in the tissue, and 
are either found in singularly or in groups of 2-4 cells in sections taken in the plane parallel 
to the articular surface. In the intermediate zone the chondrocytes are more spherically 
shaped and have a random orientation. In the deep zone the chondrocytes are mostly 
aligned orthogonally to the articular surface and underlying bone.
88-92
 Also the cells deeper 
within the cartilage increase in size, with the cells at the bottom of the radial zone being 
described as hypertrophic.
74
 
 
The articular surface has irregularities on four different scales. On the largest scale are the 
changes in anatomical contour due to the curvature of the joint. There are also secondary 
undulations 0.2-0.5mm in pitch. On a smaller scale there are hollows 20-30µm in diameter 
and 0.5-2µm deep. The smallest variations are ridges 1-4µm wide and 130-275 nm deep.
74
 
 
Cartilage is avascular, aneural and free from lymph vessels and therefore the nutrition for 
the chondrocytes is supplied by diffusion from the synovial fluid rather than directly from 
the circulation 
93
. The chondrocytes are able to survive in these conditions as they have a 
low rate of metabolic activity, which is mainly directed to matrix production. When growth 
is completed the rate of type II collagen production greatly decreases, although it can 
increase 10 times in the case of an injury. The overall estimated turnover time for human 
collagen in the femoral head cartilage is 400 years.
85
 Therefore even though cartilage has 
excellent physical properties its slow regeneration rate and limited ability for repair leads to 
a high incidence of degeneration. 
 
Osteoarthritis is a disease characterised by the degeneration and eventual loss of the 
articular cartilage from the joint surfaces. In the late stages of the disease the whole joint is 
affected with the loss or damage to the cartilage causing increased friction, and leaving the 
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bones unprotected form loading and shear forces. The result is that the joint is extremely 
painful and has much reduced mobility. Neither the subchondral bone or the articular 
cartilage contains nerve endings and therefore the painful symptoms do not occur until the 
later development stages of the disease when the subchondral bone and joint capsule are 
involved, via an inflammatory response caused by necrotic chondrocytes
94
. The 
degenerative changes in the articular cartilage are accompanied by changes in the 
underlying bone such as micro-fractures and subchondral thickening and the development 
of bony protrusions referred to as osteophytes. 
 
The articular cartilage deteriorates with age even in healthy joints, and the chances of a 
joint becoming osteoarthritic increase with age, although ageing does not necessarily result 
in osteoarthritis. This leads to a difficulty in osteoarthritis research in being able to 
distinguish between early degenerative changes which will progress into a lesion and 
changes which are the consequence of normal ageing.  A range of factors exist which may 
cause the degeneration of the cartilage to accelerate into osteoarthitis, including excessive 
stresses, trauma and genetic predisposition. It is thought that osteoarthritic lesions may start 
at sites of micro-fractures in the underlying subchondral bone. The micro-factures lead to 
remodelling of the bone. At the edge of the remodelled area, the cartilage is under increased 
stresses due to the change in bone properties.
95
  
 
The aetiology and progression of the osteoarthritis is still not fully understood, for several 
reasons. From histology it is difficult to identify the sequence in which pathological 
changes occur, as abnormalities are seldom observed on their own and each sample viewed 
provides only a single snapshot within the progression of the disease. We therefore describe 
the changes which are commonly observed with normal ageing and then those found in the 
early and later stages of the disease. 
 
As the cartilage ages the number of chondrocytes decreases, with a marked decrease in the 
number of cells between juvenile and adult tissues, although the mechanism by which the 
cells are lost is unclear.
74, 92, 96
 Also the zone of calcified cartilage appears to progress into 
the radial zone with age, with multiple faint tidemarks observed in the calcified zone below 
the main tidemark which separates the calcified and radial zones.
97
 Age also affects the 
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collagen fibril diameter with mature cartilage containing thicker and more varied fibril 
diameters than immature tissue. The width of the pericellular matrix at first instance 
increases with age but then in later life thicker fibrils (150-280nm in diameter) may be 
found close to degenerate cells.
74
 
 
In the early stages of disease regions of swelling within the tissue may be observed. This is 
referred to as focal chondromucoid softening and the chondrocytes are observed to be less 
numerous in the swollen region and more numerous in the tissue surrounding the swollen 
region
96
. Also there is a decrease in the amount of proteoglycan in the transitional and 
superficial zones
96
 and this is thought to predispose the tissue to fibrillation.
74
 Micro-
fractures may been seen at the articular surface, and these have an associated proliferation 
in the number of chondrocytes, although it is unclear if these have migrated to repair the 
lesion or are simply taking advantage of the improved nutrient supply from the synovial 
fluid. Droplets of lipid may be observed in the inter-territorial matrix. The collagen fibre 
organisation also begins to be lost with the fibres showing looser packing and 
fragmentation. The swelling of the cartilage may be associated with the fragmentation of 
the collagen fibre network, as damaged collagen fibres are less able to restrain the osmotic 
pressure of the proteogylcans.
79
 Therefore in the very early stages of osteoarthritis the 
cartilage thickness may be greater than in healthy tissue. 
 
As osteoarthritis progresses the cartilage is lost from the joint surface by a process of 
fibrillation. This starts with the formation small microscopic splits parallel to the surface in 
the superficial layer (sometimes referred to as flaking). In the later stages of the fibrillation 
process the splits progress into the radial zone, proteoglycans are lost from the tissue and 
the chondrocytes start to die, with empty lacunae being observed where chondrocytes have 
been lost. With a decrease in the number of cells the tissue is unable to synthesise more 
matrix components, increasing the progression of the disease. Eventually the lesions grow 
so that they are no longer microscopic and can easily be seen with the naked eye. In the 
later stages of the disease the cartilage becomes thinner compared to healthy cartilage and 
is eventually lost. 
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There is a need for increased understanding of the causes and early stages of the 
progression of the disease. Non-linear microscopy should be able to make a significant 
contribution to this, by providing high resolution images of the matrix and information on 
the collagen fibre alignments, without staining or other tissue processing. Also the 3D scans 
will be able to provide additional information on structural changes which cannot be gained 
from traditional histology. These aims are pursued in chapter 4. 
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1.6.2 Intervertebral disc 
The intervertebral discs (IVDs) are located between the vertebrae and their role is to 
transmit compressive loads within the spine and give the spine it flexibility.
98, 99
 The tissue 
of the IVD is similar to that of articular cartilage, as it is largely composed of collagen 
fibres and proteoglycans, and as in cartilage the swelling pressure from the proteoglycans 
trapped within a collagen network gives the tissue its resistance to compressive loads. Like 
articular cartilage the tissue is avascular and the cells are broadly similar to the 
chondrocytes found in cartilage. The collagen fibres of the disc are mainly type I and type 
II, with minor components of type III, VI and IX. The majority of the proteoglycan is the 
large aggregate molecule aggrecan, with the smaller proteoglycans being minor 
components.  
 
There are three different regions to the disc, the annulus fibrosus, the nucleus pulposus and 
the cartilaginous endplates, and these are shown in figure 1-12. The nucleus pulposus is 
contained within the annulus fibrosus and the cartilage endplates are located connecting the 
vertebral bodies to the disc. The collagen of the disc annulus is arranged into 15-20 
lamellae which form approximately concentric rings around the nucleus. In each lamella 
the fibres (0.1-0.2µm diameter) are arranged parallel bundles, which run obliquely between 
the vertebral bodies, with an angle from the vertical ranging between 40-70 degrees. At the 
periphery of the disc these fibres connect with the vertebral body bringing the disc and 
vertebra together, whereas in the centre they run into the cartilaginous endplates. The angle 
of the fibres changes alternates between the lamellae to give a woven structure. This 
arrangement of loosely connected lamellae is thought to enable the disc to bend and extend. 
The annulus contains the highest proportion of collagen and the lowest proportion of 
aggrecan within the disc. The collagen of the nucleus pulposus forms a loose mesh of fine 
fibres (20-50nm diameter) with no known organisation. It contains a large proportion of 
aggrecan and therefore is highly hydrated, with a hydration of up to 90% water in young 
discs. 
100
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Figure 1-12 A schematic diagram of the intervertebral disc. 
 
The disc needs to be able to return to its original size after an extension and therefore 
contains a network of elastic fibres throughout the disc. The organisation of these fibres has 
been found to vary between the different areas of the disc. In the disc nucleus parallel 
aligned fibres have been found both pointing radially out form the centre of the nucleus 
towards the annulus and vertically between the two cartilaginous endplates (possibility 
anchoring to them). At the transitional regions between the nucleus and the annulus the 
elastin fibres are no longer parallel but instead form a crisscross pattern. In the annulus the 
elastin fibres are densely concentrated between the lamellae, with cross bridges of dense 
elastic fibres traversing the lamellae to connect the elastic fibres. Elastic fibres are also 
found running parallel with the collagen fibres within the lamellae. The organisation of the 
elastic fibres is summarised in figure 1-13.
99
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Figure 1-13 A schematic diagram of the elastin fibres within the intervertebral disc 
(based on the results published by J Yu et al
99
) 
 
Although non-linear microscopy is very well suited for imaging the collagen and elastin 
fibre arrangement within the disc there have been no previous studies using this technique. 
However the collagen fibre orientations within the disc have been investigated with 
polarization sensitive SHG
19, 101
. Imaging of the elastin network in unstained disc samples 
is reported in chapter 5.  
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Disc degeneration is strongly associated with back pain and resulting disability which is a 
major clinical problem. Progressive degeneration occurs with aging and starts at an early 
stage with teenage discs showing the first signs. With degeneration the nucleus becomes 
more fibrotic and some of the order in the lamellar structure of the annulus may be lost. 
There is a loss of proteoglycans in the nucleus which causes a decrease in hydration. This 
results in a decrease in the weight bearing properties of the disc.
102
 Fissures may occur in 
both the nucleus and the annulus and increase the risk of disc herniation.
102, 103
 
1.6.3 Elastic cartilage  
Elastic cartilage is investigated in chapter 5 of this chapter where the elastin networks are 
imaged. This type of cartilage is found in the external ear, external auditory canal, 
eustachian tubes, epiglottis and parts of the larynx. It has increased elasticity due to the 
presence of an abundant network of elastin fibres. Its appearance is more opaque than 
hyaline cartilage and is yellow in colour. The chondrocytes are similar to those in hyaline 
cartilage and appear either singly or in pairs. Staining for elastin reveals an extensive 
network of branching fibres which are most dense towards the central region. Towards the 
perichondrium the elastin fibres become finer and less densely packed. Elastin fibres are 
also found in the surrounding perichondrium.
104, 105
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2 Experimental  
2.1 Introduction 
Two different non-linear microscope systems were used for the imaging in this thesis, for 
simplicity I will refer to these as microscope 1 and microscope 2. Microscope 1 was 
constructed from easily available optical components and custom made pieces from the 
department mechanical workshop. Microscope 2 was based upon an Olympus FluoView 
confocal inverted microscope which was modified to allow multi-photon imaging. 
Microscope 1 allowed TPF and SHG imaging whereas microscope 2 allowed both these 
modalities and also CARS imaging.  
 
The early work towards this thesis was to construct microscope 1 and carry out imaging 
and the polarization sensitivity work presented in chapter 6. Later on during the project 
microscope 2 became available and imaging was transferred from microscope 1 to 
microscope 2. This was because microscope 2 offered the following advantages. Firstly it 
allowed CARS imaging to be combined with TPF and SHG imaging. Also it was set-up so 
that data could be taken simultaneously in both the forwards and backwards directions. The 
commercial scanning system and software made it easier to use and allowed a wider range 
of scanning options and also finer movements in the z-direction whilst taking 3D data sets. 
One advantage of microscope 1 which made it suitable for the polarization sensitivity 
experiments was its simplicity. Extra optical components could easily be added and the 
software could be altered to suit the current experiment. The set-up and testing of 
microscope 1 is described in sections 2.2.1 and 2.2.2 followed by the set-up of microscope 
2 in section 2.3. 
 
For the spectroscopy results presented in chapter 3 another microscope was also used. This 
was coupled to a spectrometer and the scanning system from microscope 1 was used to 
generate a raster scan for the system. The set-up and work done calibrating the 
spectrometer is described in section 2.4. 
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2.2 Microscope 1 
2.2.1 Microscope design 
The laser excitation light for this microscope 1 was provided by a Ti:Saphire laser femto-
second pulsed laser (Spectra Physics Tsunami). This laser has a time averaged output of 
0.7W, and produced 100fs pulsed at a repetition rate of 82MHz. The wavelength was 
tuneable between 720 and 900nm although it was most efficient at 800nm.  A neutral 
density filter was used to control the laser power used in imaging. At this component 
excess power was reflected into a beam dump. Beam samplers were used to reflect 10% of 
the beam which was used to monitor the spectrum and power of the laser output. When 
setting up and aligning the microscope a red HeNe laser beam was co-aligned with the 
Ti:Saphire laser output. This was used to visualise the light path through the microscope. 
The optical table set-up is shown in figure 2-1. 
 
In order to establish whether the laser is modelocked the spectrum of the laser output was 
analysed. The wavelength range and the temporal width of the pulses are related via the 
uncertainty principle 2/h≥∆∆ tE . Substituting λλ ∆=∆ 22hcE  the resulting relationship 
between the temporal width and wave-length range is as follows. 
 
λ
λ
∆
≈∆
c
t
2
 
Thus, for 800nm emission and 100fs pulses the FWHM of the pulses should be 
approximately 10nm. The spectrum of the Tsunami output was measured by a spectrometer 
(ocean optics USB2000+). 
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Figure 2-1 The optical setup for microscope 1. 
 
The microscope set-up is shown in figure 2-2. It was designed to operate in the reflection 
mode as this was the most practical way of imaging large intact tissue samples, for example 
cartilage plugs with the bone still attached. The excitation light is directed into the 
microscope so it arrives centrally at a pair of scanning galvanometer mirrors (Cambridge 
Technology Incorporated), which are used to create a 2D raster scan pattern. The light then 
passes through a scan lens and a half wave-plate (at 800nm CVI laser QWPO-800-10-2), 
and is reflected down towards the objective, at a short pass dichroic beam splitter (CVI 
laser SWP-45-RS830-TP400-2025-UV). The light is then collimated using a tube lens 
(Nikon) and passes through another 800nm half-wave plate (meadowlark NH-050-0800-
L10) which is placed directly in the back aperture of the objective. The scan lens and the 
tube lens act as a Keplarian beam expander and expand the beam to fill the back aperture of 
the microscope objective. The distance between the two lenses needs to be the sum of the 
focal lengths of the lenses and the ratio of the beam diameters before (d1) and after (d2) the 
lenses is as follows, 
1
2
1
2
f
f
d
d
= , where f1 and f2 are the focal lengths of the scan lens and tube 
lens respectively. The objective is a Nikon (Fluor ×60) 1.0NA water dipping objective. The 
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distance between the tube lens and the objective is chosen so that the scan pattern is 
convergent on the back focal plane of the objective. This means that the laser excitation 
beams position is largely independent on the scan angle at this point and minimises the 
vignetting caused by the raster scan pattern entering the objective.  
 
 
Figure 2-2 A schematic diagram of the optical set-up of our home built microscope 
 
The TPF and SHG light is collected using the same microscope objective and passes back 
through the wave-plate and the tube lens. The TPF and SHG are separated from the back-
scattered laser fundamental at the dichroic beam splitter, with the TPF and SHG being 
transmitted and the laser fundamental being reflected. Any remaining laser fundamental is 
removed with a band pass filter (CVI laser CG-BG-39), with the combination of the 
dichroic and filter giving a combined blocking of 9OD at 800nm. To switch between TPF 
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and SHG imaging the filter below the photon counting head is changed, with a 450-520nm 
band pass filter (CVI laser F70-500-3-OCV) for TPF and a 410-390nm band pass filter 
(CVI laser F10-400-4-326317) for SHG.  
 
The half wave-plates within the system were used in the polarization sensitivity 
experiments described in Chapter 6. The wave-plate before the dichroic beam splitter was 
set so to rotate the angle of the laser fundamental so it arrived at this component completely 
p-polarized. (If the light arrived at the dichroic beam splitter at any polarization between 
the p and s state the reflected light had a resultant elliptical polarization). The second half 
wave-plate is used for controlling the polarization of the light incident on the sample, and 
was rotated for the polarization sensitivity experiments. This wave-plate had to have good 
transmission at both 800nm and 400nm and therefore has special coatings to reduce any 
reflection of the 400nm light. 
 
The frame of the microscope is constructed from components in the Thorlabs rigid 
construction range which include cage rods, cage cubes and cage plates. This is combined 
with metal base plates and moving parts which were custom built to fit the system in the 
Physics Department mechanical workshop. The cage system enabled optical components to 
be easily added or moved around the system in the set-up stage but has a disadvantage that 
it produces a microscope with less rigidity than a commercial system, causing problems 
with registering images when filters have been changed. 
 
The light was collected with an integrated photon counting head (Hamamatsu H7360-02), 
which is sensitive in the wave-length range 300-650nm, with a peak sensitivity at 420nm. 
The PMT outputs 3V 9ns pulses which are imputed into a photon counting card 
(Hamamatsu M8784). The card counts the number of pulses received in a time period 
ranging from 10µs to 10s. For imaging the pixel dwell was chosen to be 10µs so that 
radiation damage to the tissue would be minimised. There were two different levels of 
accuracy either 32bit or 16bit, which allowed a maximum of 131072 and 262144 time 
intervals to be counted in sequence respectively. For this set up the 16bit imaging was 
chosen as there were insufficient counts detected in the 10µs time interval to require 32bit 
Chapter 2 Experimental 
67 
 
counting. This meant that 262144 time intervals could be collected giving a maximum 
image size of 512×512 pixels but for these experiments 500×500 pixel images were taken.  
 
The microscope was focused on a region of interest by moving the sample in the z-direction 
using on a motor stage (Physik Instrumente). This stage is controlled by a motor controller 
card (Physik Instrumente C842) and has a minimum movement of 1µm. The motor stage 
also allows 3D image stacks to be built up, with the sample being moved upwards by a set 
distance between each raster scan to take a 2D image. The sample could also be moved in 
the x and y direction over a range of 50mm using manually controlled micrometer screw 
translation stages. 
 
The laser scanning system, sample motor stage and data assimilation from the PMT was 
controlled by a computer program written in C using the “Lab Windows” software 
(National Instruments CVI). A 2D raster scan was generated with scanning galvanometer 
mirrors where the scanning pattern was controlled by a signal generator (SONY Tektronix 
AFG320 arbitrary function generator), which in turn was controlled using the computer 
software via a GPIB cable. The data collection from the photon-counting head is 
synchronised with the start of the raster scan via a synchronisation pulse from the signal 
generator which is fed into the photon counting card.  
2.2.2 Microscope testing 
Before the microscope could be used to study biological specimens it was important to test 
whether it was working as designed. In this section tests carried out on the microscope are 
described. 
 
Firstly the magnification of the microscope was tested so that a scale could be added to any 
images taken. The maximum angle θ moved by the scanning galvanometers was 
proportional to the amplitude of the voltage provided by the signal generator. As the 
angular deviations in the back aperture of the objective are small, the small angle 
approximation can be used and therefore the distance d the focal point of the laser moves 
through the sample is also proportional to the amplitude of the voltage wave on the signal 
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generator, and is also dependent on the focal length of the microscope objective as shown 
in equation 2.1.  
 θθ ffd ≈= sin  (2.1) 
The relationship between the voltage and scan distance has been measured for both the 
scanning galvanometer mirrors, and incorporated into the scanning soft-ware so that the 
scan size can be entered into the computer and then the correct voltage will be selected. 
These measurements were taken by viewing the size of the raster scan from the HeNe laser 
used for aligning focused on a graticule through the microscope video channel. figure 2-3 
shows the relationship between the applied voltage from the signal generator and the 
distance the focal spot moves in the focal plane for each galvanometer mirror. The field of 
view from the objective was found to have a 180µm diameter, this allowed the maximum 
size of square scans to be 130 × 130µm. 
 
 
Figure 2-3 The relationship between the voltage and scan size for microscope 1. 
The distance each scanning galvanometer mirror moves the focal point is dependent on the applied 
voltage. 
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To build up images the counting card output needed to be synchronised with the scanning 
galvanometers. The time delays were detected by imaging grains of starch which are a 
strong source of SHG 
29, 30
. The grains of starch appeared at a different position on the 
return scan line in the x direction if the image reconstruction was not correctly 
synchronised with the signal generator. The amount of time delay was found to be 
dependent on the signal generator settings. These time delays were measured from the 
images and correction factors were inputted into the computer program controlling the 
scanners and the image reconstruction.  
 
We also needed to estimate the power incident on the samples so this could be maintained 
at a level which would lead to minimum tissue damage. To do this the transmission through 
the microscope needed to be measured. The laser power was measured before it entered the 
microscope (at the point after the moveable flip mirror shown in figure 2-1) and then 
measured exiting the objective using the power meter and an integrating sphere (this was 
needed due to the high divergence of the light exiting the objective). It was found that a 
minimum of 17% of the light was transmitted through the microscope. Whilst imaging was 
carried out the power was monitored by diverting 10% of the beam to the power meter 
(position shown in figure 2-1), and from this the power at the sample was calculated. 
 
To maximise the sensitivity of the microscope the amount of back-scattered fundamental 
and noise from the room reaching the detector needed to be minimised and measured. The 
dark count rate of the PMT photon counting head was measured and found to be about 20 
counts per second at room temperature, which was low enough not to effect our results. By 
placing suitable light shielding around the sample stage the amount of light detected from 
the room when the laser was switched off could be reduced to less than 1000 counts per 
second, with the room lights off. The amount of backscattered laser fundamental measured 
from the system was measured using a sample of intra-lipid (20% solution of purified soya 
bean oil in water) as a scattering medium. This sample source is not fluorescent or able to 
produce SHG but is a highly scattering medium, similar to tissue. At low laser powers 
(10mW) the amount of back-scattered fundamental detected was found to be 600-1200 
counts/s but this increased to 13000-16000 counts/s at the maximum laser power (120mW). 
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2.3 Microscope 2 
Microscope 2 is based on an Olympus FluoView microscope which has been converted for 
multi-photon microscopy. This microscope allows TPF, SHG and CARS imaging in the 
forwards and back-scattered directions. The scanning system is the Olympus FluoView 300 
and the microscope head is the Olympus IX71 inverted microscope and the scanning and 
image acquisition are controlled via the FluoView version 5 software. This system has been 
shown to be suitable for conversion into a multi-photon microscope by Nickolenko et al
106
 
and a similar approach was implemented.  
 
The microscope uses laser excitation light from two different laser systems. For the SHG 
and TPF imaging the laser excitation light is from a Ti:Saphire similar to that used for the 
homebuilt microscope. The laser system is supplied by Coherent and consists of a Mira 900 
Ti:sapphire laser pumped by a Verdi (V10) laser (532nm). The maximum power output of 
the Mira is 1.5W and its wavelength is tuneable between (690nm and 990nm) with a 
repetition rate of 76MHz and pulse width of 200fs, this is used for both SHG and TPF 
imaging. The output of this laser is horizontally polarized. 
 
For CARS imaging the laser excitation light is provided by a picosecond pulsed out-put 
from a Levante OPO. The OPO is pumped by a HighQ Picotrain laser which produces a 6 
pico-second pulsed output at 532 nm, with a repetition rate of 76MHz and a maximum 
power of 10W. In the OPO the 532 nm is converted into two longer wavelength beams in a 
non-linear crystal. These are called the signal and idler beam. Due to the conservation of 
energy the sum of the frequencies of the signal and idler beam correspond to the frequency 
of the pump beam. The signal beam is the higher frequency beam and acts as the pump 
beam during the CARS process (see figure 1.5 section 1.4.1), the lower frequency beam is 
called the idler beam and acts as the Stokes beam during the CARS process. The frequency 
of the signal and idler outputs of the OPO is tuneable allowing different bond vibrations to 
be probed. The signal beam can be tuned between about 670-980nm and the idler beam 
between 1450-1130m. The maximum combined power of the signal and idler beam is 2W. 
The output of both the lasers is monitored using an APE autocorrelator which is able to 
measure both the wavelength and temporal pulse widths. 
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The spectrometer described in section 2.4 is also positioned on the same optical table as the 
Olympus FluoView microscope and also uses the output of the Mira laser. The optical table 
layout is shown in figure 2-4, showing the components used in the experiments described in 
this thesis. Flip mirrors are used to change between imaging modes. For TPF and SHG 
imaging on the FluoView microscope mirror M1 is down and mirror M2 is up, for CARS 
imaging both mirrors M1 and M2 are up and for taking TPF spectra using the spectrometer 
both mirrors M1 and M2 are down. 
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Figure 2-4 A schematic diagram of the optical table layout in the new laser lab. 
 
In order to avoid the biological samples being damaged by the high laser power the beams 
are attenuated by using a half wave-plate  and a polarizing beam splitter, as the polarization 
is rotated a different proportion of the beam is split off into a beam dump. This has been set 
up so light polarized horizontally is transmitted and light polarized vertically is reflected 
into the beam dump. 
 
The objectives which have been used for imaging with this microscope are an Olympus 
FN22 10x 0.4NA, and an Olympus UPLSAPO 60x 1.2NA water immersion objective. The 
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Olympus UPLSAPO lens is been optimised for transmission in the near infra red and is 
therefore well suited for multi-photon microscopy. Most of the imaging in this thesis has 
been done with the Olympus UPLSAPO 60x objective which gives a maximum scan size 
of 260×260µm. For CARS imaging the field of view is less than the maximum scan size. 
This is due to optical aberrations caused by the pump and stokes beams being at different 
wavelengths. The larger the difference in the wavelengths the smaller the field of view 
61
. 
 
Modifications have been made to both the FluoView 300 scan unit and the IX71 
microscope head to allow the system to be used for multi-photon imaging. The optical 
components within the system have been coated to allow optimal transmission of excitation 
light at IR wavelengths. Within the scan unit two of the dichroic beam splitters have been 
removed and replaced by mirrors. The original scan unit contains two PMTs used for 
detecting single photon fluorescence in the back-scattered direction. These PMTs are not 
used for the multi-photon microscopy, as they do not have sufficient sensitivity to detect 
the low photon counts involved in multi-photon processes. Also these PMTs are placed to 
work in the descanned mode after the fluorescence has passed back through the scanning 
galvanometers. The descanned mode is only necessary in confocal microscopy where the 
fluorescence must pass through a pin-hole to fluorescence from outside the focal spot. In 
non-linear microscopy this is no longer needed and therefore it is more efficient to place the 
PMTs closer to the objective before the scanning galvanometer unit. Figure 2-5 shows the 
changes within the FluoView 300 scan unit. New more sensitive PMTs were added to the 
system for SHG and TPF imaging (Hamamatsu R3896). The off-set and the gain from the 
PMTs may be controlled from the FluoView software but the voltage is controlled 
externally and can be varied between 0-15V. 
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Figure 2-5 A schematic diagram of the FluoView 300 scan unit.  
Showing the modifications to allow non-linear microscopy 
 
The IX71 microscope head has been modified to allow the detection of forward scattered 
SHG and CARS and back scattered SHG, TPF and CARS. The light paths and 
modifications to the IX71 microscope head are shown in figure 2-6. IR laser excitation light 
from the FluoView scan unit enters the microscope and passes through the condensing lens, 
it is then reflected up towards the objective and passes through an image forming lens.  For 
detection of the epi signal a long pass dichroic beam splitter is placed between the image 
forming lens and the objective. This transmits the laser fundamental but reflects the epi 
signal towards a PMT at the back of the microscope. Due to the different excitation 
wavelengths used for CARS imaging compared to SHG and TPF imaging different 
dichroics are needed. For CARS imaging a dichroic transmitting λ > 850nm (z850rdc-xr 
chroma technologies) is used and for SHG and TPF imaging a dichroic transmitting λ > 
670nm (670dcxr chroma technologies) was used. In front of the PMT there are 
interchangeable filters for the different imaging modalities. For TPF imaging a band pass 
filter centred at 500nm with a FWHM of 70nm (F70-500-3-PFU CVI laser) is used, for 
SHG imaging a band pass filter centred at 400nm with a FWHM of 10nm (F10-400-5-QBL 
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CVI laser) is used and for CARS imaging a band pass filter centred at 750nm (HQ 750/210 
chroma technologies) is used. 
 
The forward generated light is collected using the condenser (NA=0.55) and is reflected 
towards a dichroic beam splitter (670dcxr chroma technologies) which separates the CARS 
and the SHG signals. CARS signal (λ > 670nm) is transmitted to one PMT and the shorter 
wavelength SHG and TPF light is reflected to another PMT.  In front of the SHG PMT 
there is a band pass filter centred at 400nm with a FWHM of 10nm is used to exclude any 
TPF light from being detected. In front of the CARS filter a band pass filter centred at 
750nm (HQ 750/210 chroma technologies) is used. 
 
 
For focusing and orientation purposes the microscope still contains an eye piece. When this 
is being used the PMTs are switched off and the transmission lamp is switched on. The 
mirror below the transmission lamp (part 10. in figure 2-6) and the dichroic beam splitter 
(part 5. in figure 2-6) are removed for the light path and the mirror (part 4. in figure 2-6) is 
moved into the light path to direct light form the transmission lamp up into the eye piece. 
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Figure 2-6 A schematic diagram of the IX71 microscope head. 
The light path and the modifications for multi-photon microscopy are shown.  
 
The transmission efficiency of the laser fundamental through the system has been measured 
for both the CARS excitation light source and the 800nm light source for SHG and TPF 
imaging. The power was measured before entering the FlouView scan box and then exiting 
the objective. For the CARS beam (tuned to the 2845cm
-1
 resonance, signal = 924nm, idler 
= 1254nm) there was approximately 20% transmission. For the 800nm excitation light from 
the Mira laser the transmission was measured to be approximately 16%. 
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2.4 Spectrometer Set-up 
For the work carried out in Chapter 3 investigating the source and spectral properties of the 
SHG and TPF a spectrometer (Andor Technology shamrock sr-303i) was coupled to a 
microscope (Olympus IX50). The spectra were recorded using a CCD camera (Andor 
IDUS) which was cooled to -65ºC allowing the system to be sensitive enough to detect the 
low intensity two-photon autofluorescence.  The Olympus IX50 head was modified to 
allow it to operate as a laser scanning multi-photon microscope. The signal from the sample 
was collected in the epi direction and could be directed either to a PMT for imaging or the 
spectrometer. The light path through the spectrometer is shown in figure 2-8 with parts 1-2 
and 7-14 being modifications added to allow multi-photon microscopy and spectrometry. 
 
The system was arranged so that the focal point of the laser could be raster scanned through 
the sample. This was necessary for spectrometry as it reduces photo-bleaching and damage 
and also allows multi-photon imaging of the regions of interest. When taking spectra of 
tissue samples it was important to set the integration time over which the spectrum was 
taken to be an integer number of the time period for one raster scan, otherwise certain areas 
of the region of interest may contribute more to the scan pattern than others. The raster scan 
was generated using scanning galvanometer mirrors controlled by a signal generator as 
described in section 2.2. The beam was expanded to fill the back aperture of the objective 
after the scanning galvanometer mirrors using a scan lens and a tube lens as described for 
microscope 1. Although the same scanning galvanometer mirrors and signal generator are 
used as for microscope 1 the magnification as a function of voltage will be different for this 
microscope due to the differences in the light path between the scanning galvanometer 
mirrors and the sample and due to the use of a different microscope objective. The 
relationship between applied voltage and scan size was measured by imaging a fluorescent 
slide containing a square array of 169 gold points which was 30×30µm in size at different 
voltage settings. The relation between applied voltage and scan size for each scanning 
galvanometer mirror is shown in figure 2-7. The relationship between the applied voltage 
and the scan size has been entered into the scanning software. 
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Figure 2-7 The relationship between the voltage and scan size. 
The distance each scanning galvanometer mirror moves the focal point is dependent on the applied 
voltage. 
 
The light was focused onto the sample using an Olympus UAPo/340 40x 1.15NA water 
emersion objective. To allow focusing on the sample the objective was moveable in the z-
direction. When selecting a region of interest the sample could be viewed using transmitted 
light with the transmitted light being directed to a CCD video camera (see figure 2-8) and 
displayed on the computer screen. When imaging or taking a spectrum the TPF of SHG 
signal is separated from the laser fundamental by reflection off a long pass dichroic beam 
splitter (supplier and part number) which transmits λ > 670nm. 
 
The spectrometer microscope was also set up to allow multi-photon images to be taken of 
the samples, with a removable mirror placed in the light path between the microscope and 
the spectrometer. This allows light to be reflected up to a PMT. We used the integrated 
photon counting head (Hamamatsu H7360-02) and counting card (M8784) as described in 
section 2.2 and the set-up for imaging and the program for control and data collection was 
again the same as described for microscope 1. Filters were also placed between the mirror 
and the photon counting head and these were the same filters used for the microscope 1.  
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To allow the maximum signal to be collected by the spectrometer the TPF and SHG light 
was focused onto the input slit of the spectrometer via an achromatic lens (Thorlabs 
AC254-060-A1) with a 60mm focal length. The achromatic lens is needed to bring light of 
different wavelengths to a focus at the same point. (The lens chosen here brings the light in 
the wavelength range 486-666nm to a focal point within 70µm of each other). If the light is 
focused to a different point for different wavelengths then the efficiency at which it enters 
the slit will be a function of wavelength and therefore this will be an additional factor to 
consider when calibrating the spectrometer. A Schott coloured glass filter (CVI laser CG-
BG-39) was placed in front of the spectrometer slit. Together with the dichroic beam 
splitter this means that only 8.4× 10
-5 
% of the laser fundamental at 800nm reaches the 
spectrometer slit. Without this blocking at 800nm the spectra are distorted by scattered laser 
fundamental and also the CCD camera may be at risk from damage due to very high count 
rates. 
 
The laser power was measured before the scanning galvanometer mirrors and then exiting 
the objective. It was found that 43% of the power was transmitted. This percentage 
transmission could then be used to estimate the power at the focal point whilst taking 
spectra. 
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Figure 2-8 Scanners, microscope head and spectrometer; 
A schematic diagram of the light path through the scanners and IX50 microscope head to the 
spectrometer. 
 
An ideal spectrometer has an excitation source which produces a constant photon count 
independent of the excitation wavelength and transmits all possible excitation wavelengths 
with equal efficiency. Its efficiency is also independent of polarization and all emission 
wavelengths must be transmitted with equal efficiency. Also the efficiency of the detector 
should be independent of wavelength. Components should be chosen to have as little 
wavelength dependence of the transmission over the range for which the spectra are to be 
taken. In practice it is not possible to construct an ideal spectrometer and therefore results 
must be calibrated for the efficiency of the system.
49
  
 
To acquire accurate spectra it is important to know the wavelength dependence of light 
transmitted from the sample stage to the spectrometer and the efficiency of the 
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spectrometer as a function of wavelength. The optical components in the fluorescent light 
path are the objective, dichroic beam splitter, focussing lens and colour glass filter. The two 
components which have the greatest wavelength dependence are the dichroic beam splitter 
and the coloured glass filter and the combined transmission through these is shown in 
figure 2-9. Between 341 and 607nm over 50% of the fluorescent signal is transmitted and 
therefore over this region the corrected spectra should be reasonably accurate. Outside this 
wavelength range a different choice of dichroic beam splitter or filter may needed.   
 
Figure 2-9 Transmission across the dichroic and coloured glass filter. 
The combined effect of the dichroic beam splitter and the colour glass filter on the fraction of signal 
transmitted to the spectrometer. (light is reflected off the dichroic and transmitted through the BG-CG-
39 filter) 
 
The spectrometer contained a choice of 3 different diffraction gratings which are as follows 
grating 1 (150 l/mm, 800nm blaze, dispersion 21.4nm/mm), grating 2 (600 l/mm, 1000nm 
blaze, dispersion 5.2nm/mm) and grating 3 (1800 l/mm, holographic, optimised for 350-
900nm). The blaze wavelength is the wavelength at which the diffraction grating is most 
efficient. The efficiencies of the gratings as a function of wavelength are shown in figure 
2-10. 
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Figure 2-10 The efficiency curves for the 3 gratings used in the spectrometer  
(data taken from the Andor website) 
 
Grating 1: 
150 l/mm 
Blaze 800nm 
Dispersion =21.4nm/mm 
Grating 3: 
1800 l/mm holographic 
Optimised for 350-900nm 
Dispersion =1.5nm/mm 
Grating 2: 
600 l/mm 
Blaze 1000nm 
Dispersion =5.2nm/mm 
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Grating 3 gave the highest and most constant efficiency over the wavelength range of 
interest (380 – 620 nm) and also has the greatest dispersion and therefore can resolve 
smaller spectral features. However it was found that grating 1 was best for the tissue 
samples because it covered the entire spectral range of interest in a single spectrum. For the 
larger dispersion gratings the wavelength range is less and therefore the spectrum must be 
built up from a number of small spectra pasted together. This involves the sample being 
exposed to the laser excitation beam for a longer time period and therefore increased effects 
of photo-damage and bleaching. The effect of photo-bleaching was found to distort the 
spectra taken with gratings 2 and 3, resulting in jumps in intensity at the points where 2 
different spectra were pasted together as shown in figure 2-11. The loss of spectral 
resolution as a result of choosing grating 1 will not affect the TPF data reported in this 
thesis as typical TPF spectra show very broad spectral features which are much greater in 
size than the resolution limit of grating1.  
 
Figure 2-11 A composite spectrum taken of cartilage using grating 3 
Jumps in the gradient occur where spectra were pasted together.  
 
As seen from figure 2-10 the efficiency of the spectrometer grating 1 varies significantly 
over the wavelength range of interest. Therefore to correct for this we generated a 
correction file by measuring the spectra of standard fluorophores. The standard 
fluorophores used in this calibration were harmine (in 0.1N H2SO4), harmane (in 0.1N 
H2SO4), quinine sulphate (in 0.1N H2SO4 and in 1N H2SO4) and flourescein (in 0.1N 
NaOH), the standard spectra of these fluorophores are published (Lakowvic
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the wavelength range of 350-650nm. The fluorescent spectra of these fluorophores were 
taken using both two-photon excitation at 730nm and single photon excitation at 350nm 
(light source for single photon excitation is a mercury lamp directed through a 
monochromator (Oriel Cornerstone 130 1/8m monochromator )). For these fluorophores the 
two-photon and single photon emission spectra were found to be identical and this finding 
has been previously reported in the literature for fluorescien
48
 and quinine sulphate
107
. The 
measured fluorescent spectra taken with grating 1 and standard fluorescent spectra of the 
fluorophores are shown in figure 2-12. The position of the peaks for harmine and quinine 
sulphate have been red-shifted in our measurements with respect to the standard spectra and 
this is due to the decreasing efficiency of grating 1 at shorter wavelengths. 
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Figure 2-12 standard and measured spectra of 4 fluorophores used for calibration. 
 
The correction files were created by dividing the standard spectrum by the measured 
spectrum for the fluorophores. The results of which are shown in figure 2-13. These have 
been corrected for the background signal by subtracting the measured counts for the same 
exposure time when the spectrometer shutter is closed.  For correcting the spectra reported 
in chapter 3 the correction file for quinine sulphate in 0.1N H2SO4 is used. The gradient of 
this curve was very similar to the gradient for the fluorescein and harmine correction curves 
over the wavelength range covered by these fluorophores, and also similar to quinine 
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sulphate in 1N H2SO4 over the wavelength range of 400-550nm. The correction file for 
quinine sulphate in 1N H2SO4 was found to be inaccurate outside this range due to very low 
count rates. Multiplying spectra by this factor should correct for any wavelength 
dependence in the both the spectrometer and the microscope optics. In chapter 3 we report 
spectra over the wavelength range of 380-620nm as outside this range the signal to noise 
ratio becomes too high to give a reliable correction.  
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Figure 2-13 The correction factor for grating 1 calculated from the standard spectra. 
 
A linear off-set of 8nm towards the blue end of the spectrum was observed for grating 1 
when the output of a calibrated monochromator (Oriel Cornerstone 130 1/8m 
monochromator) was entered into the system. Therefore all the spectra were corrected for 
this offset. 
 
The measured spectra were also affected by the width of the slit through which the 
fluorescence entered the spectrometer. Larger slit widths allowed more counts but resulted 
in broadening of spectral features. For our experiments we found that a slit width of 500µm 
allowed sufficient counts without causing noticeable broadening of the spectral features. 
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2.5 Sample source and Preparation 
2.5.1 Articular Cartilage 
The cartilage samples imaged in this study have been taken from the metacarpophalangeal 
(fetlock) joint of horses. The forelimbs were obtained from Potter’s equine abattoir 
(Taunton, Somerset) and the age of the horse was obtained from an assessment of the 
horses teeth by experienced staff. The cartilage was taken from the distal end of the third 
metacarpal bone.  
 
The metacarpophalangeal joint was chosen as it is a site of frequent lesions and a large 
proportion of the samples obtained from the abattoir exhibited some kind of degenerate 
lesion. This allowed both samples of healthy and diseased tissue to be compared. The 
lesions in equine cartilage are thought to be very similar in aetiology and structure to those 
seen in human tissue
108
. The high susceptibility of the joint to lesions can be related to the 
relatively small surface area of the joint bearing the entire weight and impact of the horse 
and rider during galloping, and also due to the large motion range of the joint
109
.  
 
The location of the cartilage sample within the joint is shown in figure 2-14. There are two 
notable features in the articular surface, the prominent sagital ridge running from the front 
to the back of the joint surface and the cortical ridge which marks the boundary between the 
areas which articulate with the proximal phalanx and the sesamoid bones.  In the dorsal 
region the joint articulates with the proximal phalanx and in the palma region the joint 
articulates with the sesamoid bones. During motion the impact is taken on the dorsal region 
and then the weight is transferred from the proximal phalanx to the sesamoid bones. The 
radius of curvature is greater in the dorsal region than in the palma region and this is the 
origin of the cortical ridge. There is also a change in the thickness of the cartilage across the 
ridge with the cartilage being thicker on the dorsal side of the ridge. These features are 
summarised in figure 2-15. Samples which had been stored frozen showed no differences in 
the SHG and TPF images compared to fresh samples so therefore both fresh and frozen 
samples could be used for these imaging modalities. For the CARS imaging only fresh 
samples were used as freezing may result in a disruption of the structure of the cell. The 
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fresh samples used for CARS imaging were kept chilled at 4ºC prior to imaging and used 
within 24hrs of harvesting. 
 
Three different sample preparations were used in this research. The first two preparations 
were en-face cartilage (imaging plane parallel to articular surface) samples used for 
imaging the superficial zone of the articular cartilage. When imaging using microscope 1 
cartilage plugs were used. Here the cartilage was imaged still attached to the bone, and was 
immersed in physiological saline throughout the imaging. This sample preparation involves 
minimal disturbance to the cartilage structure and allows a similar view to that which a 
future in vivo development of the technique may provide. The sample plugs proved to be 
impractical for imaging on microscope 2, because it was difficult to position them and keep 
them immersed in the saline solution whilst imaging on the inverted microscope stage. 
Also, with the bone still attached they were too thick to allow SHG and CARS imaging in 
the forwards direction. Therefore for this microscope cartilage slices were used instead. 
These were prepared by removing the upper-layers of the cartilage with a scalpel blade 
running parallel with the articular surface. These slices contained all the zones of the 
cartilage except for the zone of calcified cartilage. They were translucent and therefore thin 
enough to allow SHG and CARS imaging in the forwards direction. When imaging these 
were place between a cover-slip and a glass slide and again kept moist with physiological 
saline. 
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Figure 2-14 A cross section of the lower end of a equine forelimb 
The metacarpophalangeal joint from which the cartilage samples were taken is marked with a box. 
 
Figure 2-15 A section of the distal end of the 3
rd
 metacarpal showing the cortical ridge. 
This shows that the thickness of the cartilage varies from the palma and dorsal articular surfaces. 
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The cartilage plugs and slices were used to image the superficial layer of the cartilage but 
due to the penetration depth of this imaging technique it was not possible to use them to 
investigate the deeper zones. The maximum depth which we were able to image to was 
about 150µm with the quality of the images decreasing with depth. For investigating the 
deeper zones of cartilage transverse sections were produced, 100+ µm thick and consisting 
of both the cartilage and the underlying bone. These were prepared by cutting sections of 
the distal end of the 3
rd
 metacarpal using the band saw perpendicular to the articular 
surface, and then lapping to reduce the thickness and produce a smooth surface to the 
section. 
 
2.5.2 Elastic Cartilage 
This is taken from the equine ear. The ear from a 13yr old horse was collected from the 
abattoir as described above. The ear was skinned using a scalpel to reveal the underlying 
elastic cartilage structure. Transverse sections were taken using the scalpel to include the 
inner elastic cartilage and the surrounding perichondrium. Also en-face samples were 
investigated both with the perichondrium present and after removal of the perichondrium. 
2.5.3 Intervertebral Disc 
Two different sources of disc (rats tail discs and horse tail discs) have been used in this 
study. Rats tail discs were thought to be a promising sample to investigate due to their 
small size. This means that different structures can be observed in a single image and 
makes the sample preparation easier. The disadvantage of using rats tail discs as a sample 
source is that there are significant differences both cellular and in chemical composition 
between the nucleus of rodent tail discs and human discs.
110
 The majority of the other work 
was carried out on horse tail discs. These discs were chosen as they provided a closer 
model to human discs and we were able to source fresh tails from a local abattoir instead of 
relying on a frozen stock of rats tails. Two disc preparations were used transverse sections 
were taken from the discs along with longitudinal sections with a small portion of vertebral 
bone at each of the disc end-plates 
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2.5.4 Tendon 
Equine flexor tendon from the metacarpalphalangeal joint when the samples were dissected 
for cartilage harvesting. The samples have been stored frozen and then used for polarization 
sensitivity experiments. Also rats tail tendon has been used for some SHG experiments as 
this is the most widely used source of type I collagen for SHG studies.  
2.5.5 Histology 
After multi-photon imaging many of the samples were investigated using conventional 
histological techniques. This was important in order to assess whether the samples were 
histologically normal or contained any pathological lesions. The samples were fixed in 10% 
formal saline after imaging. 20µm thick histological sections were produced using samples 
frozen at -20ºC in a microtome. The histological slices were then viewed either between 
crossed polarizers or using bright field microscopy and histological stains. 
 
The cartilage samples were stained for proteoglycans using the following stains Touludine 
blue (0.13% in distilled water) and Safarin O (0.1% in distilled water).   
 
The elastic cartilage samples were stained with orcein to provide contrast to the elastic 
fibres. (orecin staining: samples are left 30mins in a solution of 1g orecin in 100ml of 70% 
ethanol solution with 1ml of 25% HCl. The samples are then removed and washed with 
both water then ethanol) 
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3 Sources of Multiphoton contrast 
3.1 Introduction 
All the TPF, SHG and CARS imaging carried out in this thesis has been performed on 
unstained tissue samples. Therefore it is important to understand and identify the sources of 
multi-photon contrast in order to be able properly to interpret the images. As discussed in 
the introduction the source of CARS contrast is derived from intrinsic molecular vibrations 
within the samples, the SHG sources are from molecules lacking inversion symmetry and 
the TPF is from fluorophores which have a two-photon excitation spectrum which overlaps 
with the laser excitation wavelength. 
 
In the tissues investigated in this study collagen was the main source of SHG contrast and 
the CARS image contrast was primarily derived from the vibrational modes of the CH2 
bonds which are abundant in lipids. In cartilage there is also a CARS signal from the extra-
cellular matrix. In section 4.2.1.3 it is discussed whether this signal is resonant signal from 
the CH2 bonds or non-resonant background signal.  The source of TPF from the samples 
investigated in this thesis is less clear. A number of two-photon fluorophores which can be 
excited by the wavelength ranges used in this thesis have been identified already and are 
discussed in the Introduction (see table 1.4). However during much of our imaging we 
observed fluorescence originating from tissues not thought to contain significant quantities 
of these known two-photon fluorophores. The extra-cellular matrix in the samples exhibited 
autofluorescence and therefore in this chapter we present data on samples of extra-cellular 
matrix components which have been analysed for their multi-photon properties. This 
includes measuring the power curves and the spectra of the samples. The spectral data will 
also be useful for optimising the fluorescence imaging as the filters should be chosen to 
match the peak fluorescence of the endogenous fluorophores. Later in section 3.4 the 
spectra of intact tissue samples are reported and these are compared to the spectra of the 
purified samples. 
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3.2 Experimental Procedure 
3.2.1 Power curves 
In order to test whether a sample produces TPF or SHG the intensity of the signal as a 
function of illumination power needs to be measured. As discussed in the Introduction both 
these processes have a quadratic dependence on the excitation power. For a two-photon 
process the gradient of the log(counts) vs. log(power) graphs should be 2.When measuring 
the power curves it is important to stick to the energy range where the response of the PMT 
is linear. At high photon counts the response of a PMT becomes saturated and the recorded 
counts will be less than the true counts. For the H7360-02 photon counting head used in the 
home-built microscope this error is approximately 10% for a count rate of 6×10
6
counts/s. 
Another reason for concentrating on lower powers is that at high powers the power spectra 
of the TPF may deviate from the quadratic power dependence. This has been reported in 
previous research 
111
 and may be explained by either quenching effects or excited state 
absorption. When taking the power curves photo-bleaching needs to be minimised as this 
may affect the gradient of the curves, for this reason the system is shuttered between the 
collection of data for each point. 
3.2.2 Spectra 
Emission spectra were taken of all the samples which exhibited TPF or SHG. These were 
taken using the spectrometer set-up described in section 2.4. The spectra were taken using a 
5s integration time, which was found to be long enough to collect sufficient counts from the 
relatively weak auto-fluorescent signal but short enough to avoid damage to the samples. 
The spectra were taken using 800nm excitation light unless otherwise stated. This 
wavelength was chosen as it was used for all the TPF and SHG imaging reported in the 
later chapters of this thesis. The spectra were taken using 25mW of excitation power at the 
sample. The spectra of the biological samples were taken using grating 1 (150 l/mm 800nm 
blaze).  The spectra were corrected for the wavelength dependence of the grating efficiency 
and microscope transmission using the process described in section 2.4 and reported over 
the wavelength range of 380-650nm which corresponds to the wavelength range of the 
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correction file. The spectra are the average of 5 measurements taken at different points 
within the samples. 
3.3 Sources of TPF in the extra cellular matrix 
 
The sources of TPF from the extra cellular matrix require further characterisation. Previous 
studies have identified elastin and keratin as two-photon fluorophores which can be excited 
by the wavelength ranges used in our experimental technique,
40, 51
 but tissue samples where 
these proteins are not quantitatively major components, such as cartilage, also exhibit TPF 
and therefore we test all the major components of the extra-cellular matrix in order to 
distinguish which ones are fluorescent.  
3.3.1 Purified Extra Cellular Matrix Proteins 
Both collagen and elastin exhibit auto-fluorescence, with the fluorescence thought to 
originate primarily from cross-links between the molecules. In this section we report 
spectra taken from purified samples of elastin and collagen (type I and type II).  
 
The fluorescent spectra of two different sources of purified elastin were also investigated. 
The first source was a commercial purified elastin powder (from bovine neck ligament, 
Sigma Aldrich, prepared by a neutral extraction method) and the second sample was elastin 
purified from bovine nuchal ligament (this sample was kindly prepared by Mrs Ellen Green 
by the Lansing procedure which involved heating at 95ºC in 0.1M NaOH for 45 mins
112
). 
Neither sources showed any peak corresponding the SHG at 400nm. This in agreement with 
the literature which does not identify elastin as a source of SHG. The spectra of the two 
elastin samples are show in figure 3-1, showing two peaks one at 496nm and another from 
506-519nm for the Sigma elastin and a peak at 495nm from the Lansing method purified 
elastin sample. Previous multi-photon spectral data reports a peak in the elastin 
fluorescence at 495nm (dermal elastin 764nm excitation)
40
  and (coronary elastin 800nm 
excitation)
113
 and therefore our peak at 495-6nm is in good agreement with these results. 
The extra fluorescence observed at longer wavelengths from the Sigma elastin may be a 
result of different preparation techniques or contamination. The Sigma elastin was in the 
form of a powder and the other elastin sample resembled intact tissue. 
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Figure 3-1 Multiphoton spectra of two purified elastin samples excited at 800nm 
 
The spectra of type I and type II collagen samples are shown in figure 3-2. Two different 
sources of type I collagen were used, rats tail tendon collagen and equine flexor tendon. 
The sample of type II collagen was kindly prepared from equine articular cartilage by Ellen 
Green (This extraction process involved rinsing in PBS, followed by extraction in a rotator 
for 24hrs with the enzymes heparinase and hylauronidase, followed by further extraction in 
a rotator with the enzyme trypsin, followed by rinsing with PBS and enzyme inhibitors (for 
full recipe see Barnard et al
114
)). All the collagen samples show a strong peak from the 
SHG at 400nm, the intensity of this peak is approximately 40 times the intensity of the TPF 
maxima shown on the equine tendon and collagen II spectra and for this reason is truncated 
to allow the shape of the TPF spectra to be seen. To the side of the SHG peak there is a 
sharp peak between 410 and 430nm visible for all collagen samples. This peak is unlikely 
to be fluorescence due to its narrow band width and it was found to move with the SHG 
peak when the laser was tuned to different wavelengths (data not shown). A very similar 
peak was observed by Palero et al. 
40
 Again they thought this peak was unlikely to be 
fluorescence and suggested that the peak could arise from Raman scattering of the SHG 
light.   However this peak in our spectra is most likely to be an artefact generated by the 
400nm SHG light within the spectrometer, as when spectra were taken of rats tail tendon 
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and starch using both gratings 1 and 3 the 410-430nm peak was only observed when using 
grating 1 (data not shown). 
 
The rats tail tendon type I collagen sample did not exhibit any TPF when excited at 800nm. 
However the equine tendon and the type II collagen sample both fluoresced with a peak at 
468nm for the type II collagen and a broader peak from 471-494nm for the equine tendon. 
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Figure 3-2 multi-photon spectra taken of collagen samples  
(collagen II form equine articular cartilage, collagen I from equine flexor tendon and collagen I from 
rats tail tendon) 
 
Previous work appears to give contradictory evidence as to whether or not TPF can be 
excited from collagen using an 800nm laser excitation beam. Zoumi et al
67
 were able to 
detect TPF from a collagen raft (basic polymerized gel of type I collagen from rats tail 
tendon), with excitation using 730nm and 750nm light, however excitation with 800nm or 
greater wavelength light gave no TPF signal. The TPF measured from the collagen raft was 
found to have a peak intensity at 525nm.
41
 Palero et al detected very low intensity TPF at 
about 440nm form Achilles tendon type I collagen excited at 764nm and attributed this to 
collagenase digestible cross-links
40
. Wu et al were able to detect TPF from a purified 
collagen sample (type unstated) at wavelengths ranging from 710-810nm albeit with lower 
signal at the longer wavelengths. They also found that their spectra were red-shifted as the 
excitation wavelength was red-shifted.
115
 A similar effect was found in single photon 
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studies of collagen fluorescence as a function of wavelength, where the emission peak was 
found to shift from 415nm with 320nm excitation light to 550nm with 450nm excitation 
light.
116
  
 
Here the result from rats tail tendon is in agreement with the findings of Zoumi et al
41
. The 
differences between the spectra from the rats tail tendon and the equine flexor tendon may 
result from differences in purity. The equine flexor tendon had not been subjected to any 
purification process and appeared a creamy colour compared to the rats tail tendon which 
was white in colour. There is no previous literature on TPF from purified type II collagen to 
compare with the type II collagen spectra. Our collagen spectra have only been taken at 
800nm and further work could be carried out to see if the spectra of the 3 samples change 
with excitation wavelength as suggested in the literature. 
 
Advanced glycation endproduct (AGE) cross-links which increase with the age of the 
sample are also known to be fluorescent. These occur on all the long lived structural 
proteins (both collagen and elastin)
117
 and increase the stiffness of the tissue.
118
 There are a 
number of different glycation cross-links some of which may have an excitation peak at a 
long enough wave-length (single photon excitation) to be excited by 800nm light. Two 
such cross-links are vesperlysine (single photon excitation 370nm emission peak 440nm) 
and crossline (380nm and 460nm).
116
 The peak fluorescence of crossline is close to that of 
the type II collagen suggesting that this may well be contributing to the fluorescent spectra. 
If age related cross links are an important component to the collagen spectra then this may 
explain the differences between the rats tail collagen samples and the collagen samples 
from equine tendon and cartilage. Rats tails are harvested from young rats less than 6 
months which are unlikely to have developed many age related cross links however the 
equine samples are taken from mature horses.  
 
The emission spectra of AGEs extracted from human articular cartilage by collagenase 
digestion were taken by Gibson et al using 370nm excitation. There was a peak in the 
fluorescence at 435nm, but the spectrum also showed a hump at about 500nm. In the study 
a spectrum of glycated collagen I was also compared to check that the AGE fluorescence 
was the same.  It may be possible that we are exciting similar AGEs with our 800nm, light 
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but exciting a larger proportion of the fluorophores which fluoresce at 500nm compared to 
the 435nm fluorescence for which our laser may not have a short enough wavelength to 
excite efficiently. 
3.3.2 Elastin and Collagen Crosslinks 
Further to explore the two-photon fluorescence of cross-links we examined four different 
hydrolysates donated by Professor Allen Bailey, Matrix Biology Research Group in the 
School of Veterinary Medicine at the University of Bristol.  In the hydrolysate the protein 
has been broken into its constituent amino acids or small polypeptide chains by the 
hydrolysis of the peptide bonds and partially purified to leave a sample of the protein 
crosslink. 
 
The samples were as follows: 
Sample A: elastin hydrolysate containing large amounts of isodesmosine and desomsine  
Sample B: bovine tendon hydrolysate containing aldimine, ketoimine and histidino-
hydroxymerodesmosine crosslinks. (this sample contains no mature cross-links) 
Sample C and sample D: hydrolysates from human skin C is an unreduced sample and D is 
a reduced sample these contain hydroxylysl pyridinoline, desmosine, isodesmosine, 
histidino-hydroxylysinonorleucine and ketoimine with sample D containing a higher 
proportion of ketoimine than C. 
 
Power curves were measured for all the four crosslinks and these are shown in figure 3-3.  
The gradients of the graphs are as follows; sample A (2.15±0.07), sample B (1.86±0.07), 
sample C (2.03±0.08), and sample D (2.17±0.09). All these values are very close to 2 
indicating that for each sample there is a quadratic dependence on the laser power and 
therefore the samples do exhibit TPF. Sample A exhibited a much stronger fluorescent 
signal that the other 3 samples and therefore to avoid saturation of the PMT the data had to 
be collected at a lower PMT voltage of 660V compared to 900V used for the other 3 
samples. 
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Power curves for the TPF from the cross link samples taken with a PMT voltage of 900V
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Figure 3-3 the power curves taken for the 4 extra cellular matrix hydrolysates 
 
Spectra of the cross link samples are shown in figure 3-4. These spectra show two peaks, 
one broad peak between 500-540nm and another peak at 583-607nm. I am unsure whether 
the peak at longer wavelengths is a genuine feature of the spectra or a result of the large 
correction factor which needed to be applied at long wavelengths. This peak does not 
appear in the spectra before the correction factor has been applied. The spectra for samples 
B, C and D were very similar however the spectra for sample A differed and its 
fluorescence was redder than the other 3 samples. The spectrum for sample B shows a peak 
at 400nm corresponding to SHG, and this suggests that there may still be some undigested 
collagen within the sample. 
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Figure 3-4 Spectra of the four hydrolysate cross-link samples. 
 
As sample A is an elastin hydrolysate we have compared the spectra from sample A to the 
spectra of the purified elastin samples. These are overlaid in figure 3-5. There is little 
correlation between the two spectra with the elastin fluoresecent peaks between 496 and 
519nm being absent from the spectra from sample A.  
 
There are two possible explanations for these differences: 
1. The pure elastin contains two populations of fluorophores some which emit at 
around 500nm and other emitting at longer wavelengths. When the sample is 
hydolysed then the fluorophores emitting at 500nm are removed leaving a sample 
with a higher proportion of fluorphores emitting at the red end of the spectrum. 
2. The two samples contain the same fluorophores however a change in the chemical 
environment has shifted the fluorescence to longer wavelengths 
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Figure 3-5 A comparison between spectra from elastin and crosslink sample A 
(cross link  sample A = elastin hydrolysate) 
 
We also compared the spectra of sample B and the equine tendon spectrum as there is 
unlikely to be a large difference between the fluorescence from bovine and equine tendon. 
These spectra are overlaid in figure 3-6. This raises the same questions about the 
fluorescence as does figure 3-5. 
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Figure 3-6 A comparison between equine tendon and cross link sample B spectra. 
(cross link sample B = bovine tendon hydrolysate) 
 
Samples C and D contained the cross-link hydroxylysl pyridinoline which has been 
attributed to the majority of autofluorescence from collagen (along with a very similar cross 
link lysl pyridinoline) in single photon fluorescence studies. The amount of these cross 
links has been found to vary between different connective tissues, with rats tail tendon 
containing no measureable amount of the fluorescent cross-links
119
.  However the single 
photon excitation peak is 325nm with an emission peak at 400nm 
116, 119
 so it is unlikely 
that these fluorophores can be excited with the 800nm excitation light used in these 
experiments.  
 
Desmosine and isodesmosine are two of the main cross-links found in elastin
119
 and form a 
large component of sample A. We were fortunate enough to have purified samples of both 
these cross-links (kindly prepared by Professor B. Starcher, University of Texas Health 
Science Centre) which could be tested for TPF. In previous literature there is some 
disagreement as to which cross-links are the source of fluorescence from elastin, with a 
paper by Thornhill stating that desmosine and isodesmosine were neither coloured nor 
fluorescent. However in that study single photon fluorescence was excited using UV light 
with the peak excitation wavelength being at 350nm and the peak emission at 425nm.
120
 In 
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our two-photon fluorescence experiments we are exciting our fluorescence at a longer 
wavelength 800nm (equivalent to exciting at >400nm in single photon fluorescence). The 
desmosine and isodesmosine samples used here were found to be coloured (brownish) and 
to exhibit two-photon fluorescence. The TPF spectra of desmosine and isodesmosine were 
measured with 800nm excitation and are shown in figure 3-7. The fluorescence of these 
two samples is very broad. Like the extra-cellular matrix hydrolysates the spectra contain 
two peaks, one from 495-535nm and another at 580-595nm. The isodesmosine spectum is 
slightly redder than the desmosine spectrum. The spectra of the two cross-links are much 
broader than the spectra of the pure elastin samples. A possible explanation for this may be 
environmental effects: the cross link samples used here were in the form of an aqueous gel, 
however in intact tissue every desmosine or isodesmosine crosslink would be surrounded 
by four large elastin molecules.
76
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Figure 3-7 The spectra of desmosine and isodesmosine cross-links 
the spectra of pure elastin has been added for comparison. 
 
 
Single photon studies of elastin fluorescence identified another fluorescent cross-link which 
is a “trycarboxylic, triaminopyridinium derivative” which has an exciation peak at 320nm 
and emission peak at 405nm.
116
 But again as for hydroxylysl pyridinoline and lysyl 
pyridinoline it is unlikely that we would be exciting this fluorophore with 800nm light due 
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to the very short wavelength single photon excitation peak. Dityrosine is another 
fluorescent crosslink in elastin
121
, however again its fluorescence is approximately 400nm 
and is therefore unlikely to be excited in our experiments.
122
 
3.3.3 Proteoglycans 
Proteoglycans make up a large proportion of the extra cellular matrix, especially in articular 
cartilage and the nucleus of the intervertebral disc. It has been suggested that they may be a 
possible source of TPF in the articular cartilage by Yeh et al
80
. 5% solutions of pure 
hyaluronan (cockscomb sigma aldrich), chondroitin sulphate (from bovine trachea Sigma 
Aldrich) and aggrecan (a gift form Professor Tim Hardingham, Centre for Matrix Biology,  
Manchester, prepared by guanadinium extraction followed by density gradient 
ultracentrifugation (Hascall and Sadjera protocol 
123
)) were investigated for TPF. These are 
the most abundant GAGS and proteoglycans within the extra cellular matrix. The 
concentration of 5% corresponds to the approximate concentration of proteoglycans within 
articular cartilage. The power curves for these three samples are shown in figure 3-8. 
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Figure 3-8 The power curves for different extra-cellular matrix proteoglycans. 
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The gradients for hyaluronan and chondroitin sulphate were close to 1 indicating that the 
samples were not producing any TPF and any signal detected at the PMT was likely to be 
back-scattered laser fundamental which had leaked through the blocking filters. The 
gradient for the aggrecan sample is 1.46 this is slightly larger so it may not be possible to 
rule out that there may be some TPF from this sample. Although chondroitin sulphate and 
hyaluronan are the major components of aggrecan the aggrecan molecule also contains core 
proteins and linkage complexes where the proteoglycan side chains join the hyaluronan 
molecule. The amount of signal from this sample was still low compared to the TPF from 
cartilage tissue so from these results it appears unlikely that proteoglycans are an important 
source of fluorescence within the matrix of cartilage or disc. We attempted to take a 
spectrum of 10% aggrecan gel however the count rate from this sample was found to be too 
low to take a spectrum. 
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3.3.4 Hydroxylapatite 
The amount of auto-fluorescence was seen to increase from the radial cartilage into the 
zone of calcified cartilage (see Chapter 4) One major difference between these two regions 
is the presence of hydroxylapatite in the zone of calcified cartilage. To see whether this was 
the source hydroxylapatite (Ca5HO13P3) (reagent grade powder Sigma Aldrich) was tested 
for TPF. The power curve taken of this sample is shown in figure 3-9, here the gradient is 
one indicating that the sample does not exhibit TPF or SHG. An alternative explanation of 
the behaviour of tissue is that the increased TPF may arise from the debris left by apoptic 
cells at the tidemark and should be explored in future work. 
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Figure 3-9 The power curve for hydroxylapaptite 
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3.4 Intact tissue samples 
The spectra from these samples were taken using unfixed tissue as fixation is known to 
increase the autofluorescence of the tissue and to change the spectrum due to the increased 
cross-linking generated by some fixation processes.
124
  
 
When investigating the multi-photon spectra of cartilage both slices of superficial cartilage 
cut parallel to the articular surface and histological sections were investigated. In tissue 
samples there was a possibility that the spectra may depend on the area of the sample 
imaged. Therefore spectra were taken at 5 different areas within the sample. A comparison 
of the spectra from different areas and the average spectra is shown in figure 3-10. This 
shows some variation between the areas and one of the areas investigated produced a bluer 
spectrum that the other four. This shows that it is important to take multiple spectra from a 
sample and to calculate the average spectrum in order to compare the overall fluorescence 
in different samples. There are several possible reasons why the spectra may vary with 
region. The spectra are taken from a relatively large area of tissue (95 x 85 microns) and 
therefore within this area along with extra cellular matrix components there will also be 
cells contributing to the fluorescence (the cellular fluorophores will have different spectra), 
differences in the number of cells between the scan areas may result in changes in the 
spectrum. Also the area with a different spectrum may have pathological changes, as 
pathology has been found to affect the fluorescence of cartilage in single photon studies 
125, 
126
, although the areas investigated in this experiment showed no obvious signs of disease. 
Further work on a larger number of spectra from different imaging areas would be needed 
to investigate whether the changes in spectra were associated with characteristics of the 
images, for example the number of cells. 
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Figure 3-10 Spectra of articular cartilage at different areas within a given sample. 
 
Variations in the spectra were observed between cartilage samples, and in figure 3-11, 
average spectra from 3 different samples are shown. The age of these cartilage samples was 
unknown. In the whole group of samples, the peaks were in the range of 495-515nm and 
were all broad and the spectra had a similar shape to that of elastin. Yeh et al also recorded 
a multi-photon spectrum of bovine articular cartilage excited at 800nm.
80
 In their spectrum 
the TPF peak was very broad with a maximum between 450-500nm. This is bluer than our 
peak for TPF from cartilage, although it is difficult to be sure whether this is due to sample 
variation or differences in experimental set-up, as calibration procedures for their 
spectrometer were not mentioned in the paper. If some of the fluorescence arises from age 
related cross-links then the spectra are likely to be dependent on the age of the sample. 
Investigations into the differences in cartilage auto-fluorescence with age would be an 
interesting extension of these results. 
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corrected multi-photon spectra of cartilage
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Figure 3-11 The sample variance in the fluorescent spectra of articular cartilage 
All spectra were taken in the superficial zone. 
 
When investigating cartilage sections the superficial layer the zone of calcified cartilage 
and the subchondral bone were investigated separately, and these are shown in figure 3-12. 
From this we see that there is no difference between the spectra taken in the calcified 
cartilage compared to the spectra from the superficial cartilage, with a broad peak from 
471-511nm for both zones. Together with the previous result that the hydroxylapatite is not 
fluorescent, this suggests that there is not a change in the fluorophores between the 
different zones. The spectrum from the underlying bone is slightly bluer that that of the 
cartilage, with a spectral peak from 469nm-495nm. 
Chapter 3 Sources of Multi-photon Contrast 
108 
 
spectra from a cartilage section
0
0.2
0.4
0.6
0.8
1
1.2
380 400 420 440 460 480 500 520 540 560 580 600 620
wavelength (nm)
in
te
n
s
it
y
 (
n
o
rm
a
li
s
e
d
)
subchondral bone
calcified cartilage
superifical cartilage
 
Figure 3-12 The spectra of different regions of section of articular cartilage. 
 
In order to establish whether the cartilage fluorescence is due mainly to the collagen II, the 
fluorescence plots were overlaid for the two samples as shown in figure 3-13. The spectra 
were normalized with respect to the SHG peak, instead of the fluorescence peak, and the 
relative intensities of the fluorescence were compared. This was reasonable because the two 
samples should contain the same concentration of collagen II, and the sample of collagen II 
showed the same degree of order when imaged with SHG as the intact collagen samples, 
with the lacunae where the cells would have been still clearly visible in the images. The 
purified collagen II sample maintained the form of the slice of superficial cartilage from 
which it was derived and therefore the spectrum was compared with cartilage from the 
superficial zone. The TPF from the collagen II is much less intense than the signal from the 
cartilage, indicating that a large amount of the fluorophores are removed from the cartilage 
when a sample of collagen II is prepared. The spectra of the collagen II and the intact 
articular cartilage are also very different with the fluorescence from the collagen II being at 
bluer wavelengths, showing that it is fluorophores which fluoresce at longer wavelengths 
which have been removed from the sample. From this we conclude that there must still be 
some unidentified fluorophores. 
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Figure 3-13. A comparison of the spectra of  type collagen II and cartilage  
(normalized to the SHG peak =1) 
 
 
Figure 3-14 Images of the purified type II collagen, compared to intact cartilage. 
 
SHG merged TPF 
Purified type II collagen from equine articular cartilage 
Intact equine articular cartilage 
SHG merged TPF 
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The spectra have also been measured from the annulus and the nucleus of equine 
intervertebral disc samples and these are shown in figure 3-15. There was little difference 
between the spectra of the disc annulus and the disc nucleus, although these two parts of the 
disc have different compositions with the annulus containing a greater proportion of type I 
collagen and the nucleus containing less collagen and a larger proportion of proteoglycans. 
The spectra are compared to the spectra for elastin and collagen II (as collagen is a major 
component of the disc matrix and elastin is a minor component), and are found to be very 
close to the elastin spectrum.  
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Figure 3-15 Spectra of the intervertebral disc annulus and nucleus 
The spectra of type II collagen and elastin are added for comparison 
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3.5 Discussion 
The results of this chapter are summarised in table 3.1. We have identified TPF from elastin 
and the collagen type II and collagen type I from equine flexor tendon. The source of the 
fluorescence in these proteins is thought to be mainly the cross-links between the proteins.  
Cross-link samples were found to exhibit TPF and their spectra have been measured, 
however the spectra for the cross-link samples peak at longer wavelengths than the tissue 
samples and the whole protein samples. This suggests that there are additional fluorophores 
within the intact tissue samples and the protein samples which fluoresce at shorter 
wavelengths. This additional fluorescence may result from advanced glycation end-
products, (AGE) these are fluorescent cross-links which form on the collagen molecules as 
a result of glycation, and the number of these increase with the age.  
 
For future work it would be interesting if possible to obtain samples of the age related cross 
links and test these for TPF and measure their spectra under 800nm excitation light in order 
to be able to conclude whether or not these are a major source of the TPF from our samples 
as we hypothesize.  
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Sample SHG TPF TPF peak 
Extra-cellular matrix proteins 
(ellens)   496nm Elastin   
(sigma)   495nm and 506-519nm 
Rats tail tendon   N/A Collagen I  
Equine tendon   471-494nm 
Collagen II Equine cartilage   468nm 
Collagen and elastin cross links 
Elastin hydrolysate (sample A)   540nm, 583-607nm 
Tendon hydrolysate (sample B) Maybe*  500-540nm, 583-607nm 
Skin hydrolysate (samples C and D)   500-540nm, 583-607nm 
Desmosine Maybe*  495-535nm, 580-595nm 
Isodesmosine   495-535nm, 580-595nm 
Other matrix components 
Proteoglycans   N/A 
Hydroxylapatite   N/A 
In tact tissue samples 
Superficial zone   495-515nm Cartilage  
Calcified cartilage   471-511nm 
Subchondral bone   469-495nm 
nucleus   495-520nm Disc 
annulus   495-520nm 
Table 3.1 A summary of the TPF and SHG from the samples investigated in this chapter 
*The results for tendon hydrolysate and desmosine cross-link showed a small amount of SHG, however 
it is inconclusive whether this results from impurities in the sample. 
 
In this study we have been able to identify fluorescent components within our samples and 
eliminate other molecules which are not fluorescent. The spectra of the fluorescent 
molecules have been taken and compared to those from the intact tissue samples. A useful 
extension of this work would be to collect quantitative data on the efficiency of the TPF 
from the various fluorophores, and from this asses the likely contribution that they are 
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likely to make to the overall tissue fluorescence. In order to do this we would need to know 
the concentration of all our samples and the approximate concentration of these 
components within the tissue samples and the purified protein samples. Unfortunately for 
all the cross-link samples no information was available as to their concentrations. Another 
factor which would need to be considered is the power at the focal point of the sample as a 
function of the power measured at a given point on the optical table. This will be dependent 
on the depth of the focal point within the tissue (which can be controlled) and also on the 
scattering properties of the sample, with the power decreasing faster with depth in the 
highly scattering samples. There will be a large variation in the scattering properties of our 
samples, many of them are highly scattering, these include the intact tissue samples (disc, 
cartilage and tendon), the hydroxyapatite sample and the protein samples (collagen and 
elastin) other samples were not highly scattering and formed clear gels these include the 
proteoglycans and the cross-link samples. In order to minimise the effects due to the 
differences in scattering between the samples data should be taken as close to the sample 
surface as possible. Another effect of the scattering in the sample may be that a larger 
proportion of the TPF generated may be detected in the highly scattering samples as a 
proportion of the forward generated signal may be scattered back to the epi detector. If 
these factors have been calibrated for then the intercept on the power curves for the samples 
will allow a comparison of the relative intensities. 
 
The area from which the spectra were taken was 95×85nm and images of these areas 
showed regional variations in the tissue samples. For example in cartilage, the images 
contain bright spots within the cells, increased intensity from the pericellular matrix, 
possibly elastin fibres and then the back-ground fluorescence from the interterritorial 
matrix (For details see figure 4.1 in chapter 4). An extension of this work would be to 
develop spectrally resolved multi-photon imaging similar to that carried out by Palero et al 
on mouse skin.
40
 The chemical composition of the pericellular matrix differs from the 
intererritorial matrix. The collagen ins type VI with only small amounts of type II at the 
interface between the intererritorial matrix.
127, 128
 There are also differences in the 
proteoglycan types and the proportion on glycoproteins.
127
 It is therefore possible that there 
may be different fluorophores in this region and spectrally resolved imaging would help to 
investigate this. Also if used on samples with osteoarthritis it may be possible to link 
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changes in spectra with structural changes which are occurring with the disease. This would 
be an interesting study as changes in the intensity of the fluorescence from cartilage have 
been associated with pathological structures in a single photon study on the auto-
fluorescence of ostoearthritic articular cartilage.
126
 
 
The fluorescence from human articular cartilage has been found to increase with age due to 
both enzymatic cross-linking and glycation cross-links. These are found to also result in a 
change in the physical properties of the tissue
129
. Changes in fluorescence intensity have 
also been linked to disease
125
 and therefore it is important to fully characterise the TPF 
from cartilage and individual fluorophores responsible for this in order to relate TPF 
changes to potential pathological and age related changes. 
 
When taking the present spectra there was significant variation between the samples and 
this highlights the need for a larger sample size. Future work could also be carried out to 
test for correlations between the TPF spectra and TPF intensities and the age of the sample. 
In single photon studies a positive correlation has been found between the AGE cross-link 
pentosidine and the age of the sample
130
 however this has its fluorescent peak at 385nm and 
therefore will not be excited in our studies so we need to characterise these changes for the 
fluorophores emitting at longer wavelengths.  
 
As seen in Chapter 2 the response of our spectrometer set up was not flat over the spectral 
range of interest with a large decrease in the efficiency of the system at both ends of the 
spectral range. This meant that at the ends of the spectra a large correction factor had to be 
applied, which leads to decreased accuracy in these regions and a higher level of noise. If 
the work in this thesis was to be extended then it would be worthwhile to use a grating  
which has been optimised for this range. (the current grating was purchased for multiplex 
CARS imaging and has been optimised for 800nm). This would increase the accuracy and 
also the intensity of the spectra. This would be essential as the exposure times for each 
spectra would have to be greatly reduced for spectral imaging. If longer wavelengths 
needed to be investigated then a different choice of dichroic beam splitter and filter to block 
the laser fundamental would be needed. Alternatively if the data was collected in the 
forwards direction the dichroic could be eliminated altogether.  
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A fluorophore is characterised by both an excitation and an emission spectrum and future 
work should include a study to measure both of these. This is technically more difficult 
than taking an emission spectrum. The laser output is tuneable between 720 and 900 nm, 
allowing a reasonable spectral range to be investigates. However when the laser is tuned to 
different wavelengths the efficiency of the mode locking varies and therefore the temporal 
width of the pulses changes. This affects the instantaneous power at the sample and 
therefore the pulse width must be measured and corrected for. Also when tuning over a 
large wavelength range the mirrors at the ends of the cavity need to be adjusted and this 
alters the beam path on the optical table, therefore the alignment of the microscope must be 
adjusted, and this leads to increased errors. The efficiency of transmission of the laser 
fundamental through the system as a function of wavelength must be measured and 
corrected for and this must be distinguished from changes in alignment caused by the laser 
cavity adjustment. An additional factor when measuring the SHG excitation spectra is that 
the wavelength of the SHG changes with the laser fundamental and therefore the 
wavelength dependence of the collection optics must also be minimised and characterised. 
 
Additional knowledge of the effect of the excitation wavelength on the TPF would help in 
the task of identifying fluorophores. It would also help to investigate changes which may 
occur in the fluorescent spectra as the excitation wavelength changes. For example the 
collagen spectrum has been found in previous literature to change with the excitation 
wavelength.  
 
Knowledge of the excitation spectra of various fluorophores within the tissue may be useful 
when choosing the excitation wavelength for imaging to give the maximum TPF intensity. 
For studies where the SHG signal is most important, for example polarization sensitivity 
experiments, it is useful to know which wavelengths do not correspond to a TPF excitation 
peak within the sample. If the laser can be tuned to longer wavelengths away from the TPF 
excitation peaks then the photo-damage to the sample can be minimised whilst carrying out 
TPF imaging. This is also true for CARS imaging as tuning the pump laser away from the 
excitation peak for the TPF in the sample then the two-photon enhanced non-resonant back-
ground will be reduced. 
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4 Imaging cartilage 
4.1 Introduction 
The structure of articular cartilage has been discussed in section 1.6.2. In this section we 
present SHG and TPF images of articular cartilage and discuss what structures we are able 
to identify. So far only one previous study has been carried out on multi-photon microscopy 
of articular cartilage
80
 and one on nasal septal cartilage
131
. The previous studies were used 
as a starting point for developing a more detailed investigation, with the initial step being a 
comparison between our images and their findings. As multi-photon microscopy is a new 
technique in this field we also used well established histological techniques for 
distinguishing between normal and diseased tissue. 
 
Firstly the images taken on healthy articular cartilage are shown and discussed. After this 
images from lesion sites are presented showing the differences between the normal and 
diseased states. Imaging of the lesion tissue is carried out in the hope that the technique 
may contribute to an increased understanding of the aetiology of osteoarthritis and that we 
may be able to identify changes that could be early markers of the disease. This chapter 
contains imaging carried out on both microscope 1 and microscope 2. Initially data on both 
healthy and diseased tissue were taken using the microscope 1. When the microscope 2 
became available the imaging of healthy tissue was repeated with CARS imaging combined 
with the SHG and TPF imaging to provide additional information on the chondrocytes. In 
this chapter an overview of the different structures in cartilage are discussed. Two areas of 
special interest, elastin networks and a polarization analysis of the collagen fibre 
organisation are presented in later chapters. 
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4.2 Healthy Cartilage 
Healthy cartilage was defined as tissue from a young animal (2-6yrs), which exhibited no 
macroscopic signs of osteoarthritis and appeared normal when classical histology was 
carried out on it after imaging. The characteristics reported here from the young healthy 
tissue were also found in older joints in the regions which appeared macroscopically 
normal and were located away from any areas of osteoarthitic damage. In this section we 
carry out imaging on enface samples in which the articular surface and the superficial zone 
are imaged followed by imaging on cartilage sections where all the cartilage zones are 
investigated. 
4.2.1 Enface cartilage samples 
It is important to characterise the features of healthy tissue in the superficial regions as this 
is one of the areas where the first signs of osteoarthritis may occur, it is believed though 
excessive stresses or loading. 
4.2.1.1 TPF images 
In figure 4-1 a TPF image of the articular cartilage is shown. This image shows clearly the 
fluorescence from the extracellular matrix (which is discussed in chapter 3) and an increase 
in fluorescence surrounding the cells corresponding to the pericellular matrix. The 
chondrocytes show less fluorescence than the matrix except for small spots within them 
which exhibit intense fluorescence which is most likely to be due to the fluorophores 
NAD(P)H and flavoprotein which are associated with cell metabolism. The cells appear to 
be approximately 15µm in diameter. The image shows a few fluorescent fibres within the 
matrix, these have been identified as elastin fibres and are discussed in more detail in 
chapter 5. The appearance of the image is in good agreement with the TPF images of 
cartilage reported by Yeh et al
80
. Also the increased fluorescence from the pericellular 
matrix is also reported in a single photon study of the auto-fluorescence of articular 
cartilage by Gibson et al.
126
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Figure 4-1 A TPF image of articular cartilage. 
The image is taken from the superficial zone at a depth of 13µm from the articular surface 
 
4.2.1.2 SHG images 
An SHG image of the same area of cartilage is shown in figure 4-2. The SHG image shows 
collagen matrix and the locations of the cells appear as dark voids where there is no 
collagen. These images are also in agreement with the SHG images of cartilage reported by 
Yeh et al.
80
 The extra-cellular matrix in the images appears textured however the collagen 
fibres are too fine for individual fibres to be resolved. However the predominant 
organisation of the collagen fibres can be found by utilising the fact that the SHG is 
sensitive to the polarization of the laser excitation beam and this feature of SHG imaging is 
discussed further in chapter 6. 
 
Elastin fibres 
chondrocytes 
Pericellular 
matrix 
50µm 
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Figure 4-2 An SHG image of cartilage. 
This image was taken from the same area of articular cartilage as in figure 0-1 
 
4.2.1.3 CARS images 
The CARS imaging in this chapter has been taken at ( )sp ωω − = 2845 cm-1 which 
corresponds to the CH2 symmetric stretching bond vibration. In the images both the cells 
and the matrix are visible with the cells having a slightly higher intensity than the 
background. Bright spots are seen within the cells and these are thought to correspond to 
vesicles or lipid droplets. The extra-cellular matrix is not thought to contain significant 
amounts of lipids and therefore it is important to identify whether the CARS signal from 
the matrix arises from resonances in CH2 bonds in other molecules (proteoglycans or 
proteins) or is non-resonant background. 
 
In order to be able to distinguish between the resonant signal from the CH2 bonds and the 
non-resonant back-ground images need to be taken at different values of ( )sp ωω − . 
Forwards CARS images have been taken of the same area of cartilage at ( )sp ωω − = 2845 
cm
-1
, ( )sp ωω − = 2972 cm-1 and ( )sp ωω − = 3150 cm-1. The first value shows the resonant 
image combined with any non-resonant background and is shown in figure 4-3a. The 
second value corresponds to the wavelength at which there is negative contrast between the 
CH2 bond vibrations and the non-resonant background
7
 and this is shown in figure 4-3b. In 
this image there are back spots of negative contrast, co-localised with the bright spots 
50µm 
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within the resonant image. This confirms that these spots within the cells are due to CH2 
bond resonances and supports the conclusion that these are either lipid droplets or vesicles. 
The extra-cellular matrix still shows up brightly in this image showing that there is a non-
resonant signal from this region. In figure 4-3c, ( )sp ωω −  is tuned far away from and bond 
resonances and the image is entirely due to the non-resonant background. In this image the 
lipid droplets/vesicles are no-longer visible however there is still signal from the extra-
cellular matrix. Image c was subtracted from image d to provide an image which only 
contained resonant CARS signal and this is shown in d. In this image only the lipid droplets 
within the cells appear with high contrast indicating that the rest of the image is non-
resonant CARS signal. The images in figure 4-3 have been corrected for any changes in 
power caused by tuning the OPO to different resonances. Both the OPO signal and idler 
power were recorded for each image and the value of sp II
2  was calculated for the images 
and then the brightness of each image was adjusted accordingly. (All the images were taken 
using the same PMT settings) 
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Figure 4-3 Forwards CARS images taken of chondrocytes in the superficial zone. 
(a) shows the image taken with ( )sp ωω − tuned to 2845 cm-1 which represents the CH2 symmetric 
stretching bond vibration, (b) show the image of the same area with ( )sp ωω − tuned to 2972cm-1 
which corresponds to destructive interference from the CARS signal from the C-H bond and  (c) shows 
the image taken when ( )sp ωω −  is tuned to 3150cm-1 which corresponds to no Raman peaks and 
therefore shows only the non-resonant back-ground.  (d) is the result of subtraction image c from image 
a and therefore now only shows resonant CARS signal. 
 
From these results we see that the CARS signal from the extra-cellular matrix is mostly 
non-resonant background. The extra cellular matrix exhibits TPF when excited at 800nm 
and therefore it may be useful to investigate whether the 924nm pump laser used for CARS 
imaging is close enough to the TPF excitation maxima to allow two-photon enhanced non-
resonant CARS. This process has previously been observed for red blood cells
66
. Although 
50µm 
a 
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the non-resonant background does not provide chemically specific data it can still provide 
useful structural information
66
 and in the CARS images of cartilage it shows the locations 
of the chondrocytes and therefore provides a context for the strong resonant signal from the 
lipid droplets. 
 
Some features like “shadows” of cells outside the focal plane appear in the CARS images 
which we need to be able to explain and illustrate these features. In the forward CARS 
images cells that lie above the focal plane are still visible, these cells do not appear in the 
epi-CARS images (see image set a in figure 4-4) this is true for about 10 microns in the z-
direction beneath the cell. When lipid droplets occur within the cells there is a high CARS 
signal in both the epi and the forwards CARS (see image set c in figure 4-4). When the 
focal plane is just above the lipid droplet, a dark spot appears within the forwards CARS 
image which is not present in the epi CARS (see image set d in figure 4-4). When the focal 
plane is in the matrix above the cells the cells are also still effecting the CARS images in 
this case both the epi and forwards CARS (although effect is more pronounced in the 
forwards CARS) (image set e in figure 4-4). Also in some of the images the cells appear to 
be surrounded by a dark ring in both the forwards and epi CARS (see image set b in figure 
4-4). This is thought also be an effect due to interference as from the relative density of 
lipids the cell edge would be expected to show up brightly due the lipids in the cell 
membrane. 
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Figure 4-4 “Shadows” of cells in the CARS images. 
The effects of the coherent nature of CARS on the imaging of a pair of cells within the cartilage matrix. 
Imaging in both the epi and forwards (dia) directions. CARS wavelengths tuned to the 2845 cm
-1
 which 
corresponds to the CH2 bond vibrations. 
  
Similar dark spots have been observed in the forwards CARS images of cells in a study by 
Cheng et al 2002
61
 where bright spots were observed simultaneously in the epi CARS 
image. Cheng et al offered the explanation that the dark spots in the forwards CARS images 
were due to a distortion of the focal point of the laser excitation beam due to the changes in 
refractive index between the lipid droplet and the surrounding cytoplasm. However in the 
epi direction the signal is enhanced at the interface between the scatter and the surrounding 
medium and hence the droplet will appear bright within the epi CARS image. A distortion 
of the laser focal point at the interface between media of different refractive indices could 
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also explain the observation of a decrease in CARS signal at interface between the cells and 
the pericellular matrix.
61
 
4.2.1.4 Combined imaging 
 
Typical images of an area of healthy cartilage from a 2yr old horse are shown in figure 4-4. 
These have been taken using the following imaging modalities SHG, TPF and forwards and 
epi CARS. The images are registered and therefore can be merged, here blue represents 
SHG, green represents TPF and red represents CARS. Bright spots have been seen within 
the cells in both the TPF and CARS images. The merged image shows that these features 
are not co-localised and therefore must represent different cell structures. 
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Figure 4-5 SHG, TPF and CARS images from the superficial zone  
Images taken at a depth of 7µm below the articular surface in a sample of healthy tissue (from a 2yr old 
horse) 
SHG 
CARS (epi) 
TPF 
CARS (forward) 
 
50µm 
Merged image: 
Blue = SHG 
Green = TPF 
Red = CARS (forwards) 
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Figure 4-6 The SHG, TPF and CARS intensity profiles across a pair of cells.  
The insets show the images in each modality of the cells. The intensity is plotted in arbitrary units as it 
is not possible to compare the actual intensities of the different signals due to possible differences in the 
collection efficiency. 
 
Figure 4-6 shows the SHG, TPF and CARS intensity profiles across a pair of cells. From 
this it is clear that the intensity of the SHG drops on approach to the cell at the same time as 
the intensity of the TPF increases associated with the pericellular matrix. A decrease in the 
SHG intensity in the pericellular matrix may be expected as the literature has previously 
reported that the collagen fibres there are finer and less ordered
127, 132
. The CARS intensity 
profile shows a dip in intensity at the edges of the cells and this coincides with the point at 
which the TPF intensity drops at the interface between the cell and the pericellular matrix. 
From this we see that the TPF and the CARS images provide more accurate information on 
the size of the cells, and if the SHG image was used it would provide a large overestimate 
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of cells size. Also the CARS image shows clearly that this lacunae contains two 
chondrocytes, which is not clear from the SHG and TPF images. 
 
 
Stacks of multiphoton images can be used to investigate the distribution of cells in the 
cartilage and look at the variations in cell shapes. Figure 4-7 shows a reconstruction of the 
most superficial 100µm of tissue, constructed from stacks of SHG and TPF images taken at 
1µm steps. The reconstruction shows a high cell density near the articular surface. The cells 
at the articular surface also appear flattened disc shaped, with increasing depth the cells 
become less flattened.  
 
 
Figure 4-7 A reconstruction of the surface of the articular cartilage. 
The size of cartilage portion reconstructed is 100×200×200µm. Data taken from the palma region of a 
4yr old horse.  
SHG TPF 
merged Cell edges 
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4.2.2 Cartilage Sections 
Imaging en-face cartilage only enabled us to image to a depth of 100-150µm. This is 
because imaging depth, is limited by the scattering and absorption of the IR excitation light 
in the tissue. The intensity of the excitation light drops off as an exponential function with 
depth into the tissue. Also effects in the tissue cause pulse broadening due to scattering and 
variations in the refractive indices within the tissue, the 100fs laser pulse can easily be 
broadened to 500fs after travelling through the microscope optics and the tissue sample and 
hence this reduces the instantaneous power at the focal point.
4
 It is inconclusive as yet 
whether or not the scattering of the light increases the point spread function of the focal 
point in the tissue, if this is the case then it would act to decrease both the intensity and the 
resolution of the images taken.
5
 As the structure of cartilage changes significantly with 
depth (see section 1.6.1) it was necessary to take transverse sections of the cartilage in 
order to investigate the deeper zones of articular cartilage.  
 
Figure 4-8 shows a sections of articular cartilage and underlying subchondral bone viewed 
using SHG, TPF and conventional transmission light microscopy with crossed polarisers, to 
reveal collagen fibre orientation. These multi-photon images have been taken using a 10x 
objective and allow a direct comparison with the histology. In these images the articular 
surface (AS) is to the top left and the underlying bone (SB) is in the bottom right. In the 
SHG and TPF images the bone shows up clearly and the osteocytes appear as dark specs 
against the bright signal from the bone matrix. The TPF and SHG images show some 
structural features of the bone, the SHG images revealing areas with different collagen 
orientations and the TPF images showing a lamellar structure around some of the vessels. 
The tidemark (TM) is visible on all 4 images showing a distinct boundary between the 
calcified cartilage (CC) and the articular cartilage (AC). The tidemark region is discussed in 
more detail in section 4.2.3.3. In the SHG images the arcade like structure first described by 
Benninghoff is apparent.  
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Figure 4-8 A full depth section of articular cartilage. 
Images taken at the cortical ridge of the 3
rd
 metacarpal imaged using epi and forwards SHG (a and b 
respectively), TPF (c) and transmission light between crossed polarizers (d). Images a-c were taken on 
the microscope 2 using a 10x 0.4NA objective and a laser excitation power of 14mW. Image d was taken 
using a 5x objective on a transmission microscope. 
 
Further, more detailed imaging of the sections was carried out using the 60× water 
immersion objective as used on the cartilage slices. This allowed the changes in cells and 
pericellular matrix with depth to be investigated, along with more detailed investigations of 
the bone and tidemark structure. A series of adjacent TPF and SHG images have been 
aligned in figure 4-9 to produce an image of the cartilage from the articular surface to the 
subchondral bone.  
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Figure 4-9 TPF (left) and SHG 
(right) images of a section of 
cartilage, to show the changes in 
structure from the articular 
surface to the underlying 
subchondral bone,  
Calcified cartilage 
Subchondral bone 
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4.2.2.1 Superficial and Transitional Zones 
The SHG and TPF images of the sections clearly show variations in the cell shape and 
distribution with these being most evident in the TPF images. The variations shown in these 
images are consistent with previous histology
89, 91, 92, 133
. In the superficial zone the cells 
appear flattened in the radial direction and are more numerous than in the other zones. In 
the transitional zone the cells become more rounded and appear singly or in pairs. In the 
superficial and transitional zones the pericellular matrix surrounding the cells appears 
brighter than the rest of the matrix and this agrees with the results reported on the enface 
samples. 
 
In the SHG images the intensity increases with depth into the tissue. This is likely to be due 
to variations in the collagen fibre orientations: the collagen fibres in the surface of the 
tissue may be orientated end on to the imaging plane resulting in a very low SHG intensity 
from the sample. The sections used in this chapter have been cut parallel with the joint 
articulation, and therefore they need to be repeated with the sections cut perpendicular to 
the joint articulation.  
4.2.2.2 The radial zone 
Figure 4-9 shows that the cells in the radial zone are organized into groups of 2-4 cells 
aligned in a row radially from the subchondral bone. This is in agreement with the previous 
literature
89, 91, 92, 133
. The pericellular matrix in this zone differs from that in the superficial 
and transitional zones. Instead of an increase in the TPF from this region there is a decrease 
in TPF compared to the interritorial matrix. In figure 4-10 gives a higher resolution image 
of the radial zone. In the SHG image the fibre orientation can be clearly resolved, and 
shows the fibres pointing radially from the subchondral bone. This conforms with the well 
established description of collagen fibre orientations in cartilage. 
 
In the en-face imaging reported at the articular surface we were unable to resolve the 
direction of the collagen fibres. There are two possible explanations of this, possibly the 
collagen fibres in the radial zone are thicker and more ordered than those in the superficial 
layer, however previous studies using x-ray diffraction have not reported any differences in 
the collagen spacing.
12
 Alternatively this may be due to the different imaging arrangements 
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used; the SHG image in figure 4-10 was taken in the forwards direction however for the en-
face imaging the forwards images contained a very low count rate due to the thick sample 
size used and therefore the epi-SHG images were recorded instead. The epi and forwards 
SHG images of collagen have been found to differ with the forwards images showing a 
more fibrous structure.
44
 Consequently more work may need to be done on epi and 
forwards SHG images from different thickness cartilage samples to investigate whether this 
determines our ability to resolve the collagen fibre directions. 
 
 
Figure 4-10 SHG and TPF images of the radial zone. 
 
4.2.2.3 The tidemark 
Cartilage is not a static system, although in healthy tissue the relative thickness of the zones 
is approximately maintained. The tissue is in dynamic equilibrium and studying the 
tidemark, calcified cartilage and subchondral bone may be important for understanding this. 
The underlying bone is continuously remodelling in response to the applied forces, with 
vessels from the subchondral plate converting the calcified cartilage to bone. However the 
thickness of the zone of calcified cartilage remains constant as the tidemark progresses into 
the radial zone. The thickness of the upper layers of cartilage must be maintained by the 
matrix components generated by the chondrocytes.
134
 The zone of calcified cartilage also 
provides a route for nutrition to reach the chondrocytes from the vascular supply to the 
SHG 
50µm 
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subchondral bone
135, 136
. Therefore it is also important to study this region as a disruption of 
the equilibrium may cause degeneration and a change to the nutrition of the cells. 
 
The tidemark shows up clearly in both the SHG and TPF images and is shown in both 
figure 4-8 and figure 4-9. Beneath the tidemark multiple undulating tidemark like lines and 
these are most clear in figure 4-8. It has been postulated that these may represent the 
location of previous tidemarks
134, 137, 138
. The intensity of the TPF signal is greater in the 
zone of calcified cartilage compared to the un-calcified cartilage. This is corresponds with 
previous work involving single photon fluorescence
93
. At the centre of the tidemark the 
TPF intensity is decreased with comparison to both the calcified and un-calcified cartilage. 
In the SHG images the tidemark appears as a dark band across the images.  
 
These features are shown in figure 4-11 where a profile of the intensity of the SHG and 
TPF across the tidemark is shown. There are two possible ways of interpreting this finding, 
possibly that there is less collagen at the tidemark or that the collagen at the tidemark is less 
aligned than elsewhere in the tissue. An electron microscopy study by Redler et al
139
 
identified variations in the collagen fibre orientation at the tidemark and suggested that the 
collagen fibres are not all radially aligned across the tidemark and that some branch and lie 
along the tidemark. Alternatively at the tidemark there may be increased attenuation of the 
light. This explanation is plausible as the tidemark appears dark when sections are viewed 
with transmitted light microscopy, and it would simultaneously explain the dip in TPF 
intensity centred on the tidemark. The thickness of the tidemark is about 2-5µm
139
, however 
in our images the decrease in intensity across the tidemark is a broad feature from 10-30µm 
in diameter. 
 
The source of increased fluorescence from the zone of calcified cartilage still remains 
unknown. In chapter 3 pure hydroxylapaptite was tested for TPF but was found not to be 
fluorescent. Spectra from the zone of calcified cartilage were found to be similar to those 
from the un-calcified cartilage. There are three possible explanations for the increased 
fluorescence in the calcified cartilage; (1) there is an additional fluorophores in the calcified 
cartilage not present in the uncalcified cartilage, (2) there are the same fluorophores in both 
the calcified an un-calcified cartilage but the concentration is greater in the calcified 
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cartilage or (3) there are the same fluorophores and concentrations in both zones however 
the fluorescence in the calcified cartilage is more efficient due to a different chemical 
environment. 
 
Figure 4-11 TPF and SHG intensity profiles taken across the tidemark.   
The two insets at the top of the figure show the area over which the profile was taken. This figure shows 
that after the tidemark an increase in TPF intensity is seen and that at the location of the tidemark the 
SHG signal is at a minimum. 
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4.2.2.4 Calcified cartilage and subchondral bone 
The intensity of the fluorescence surrounding the cells in the calcified cartilage is greatly 
increased, and this is clearly shown in figure 4-9. It would be interesting to investigate this 
further with combined CARS imaging as the chondrocytes in the calcified cartilage are 
thought to die via apoptosis or a similar process, and in doing this they generate matrix 
vesicles which contribute to the calcification of the tissue.
140, 141
 In the TPF image the 
articular cartilage appears faint in comparison to the underlying bone which exhibits a 
higher level of auto-fluorescence. Further work is still needed to identify the reason for this 
increased fluorescence. Vessels in the subchondral bone are visible along with their 
surrounding Haversian systems and these are shown at the interface between the bone and 
the calcified cartilage in figure 4-12. Increased fluorescence is seen at the cement line 
between the bone and the cartilage. Earlier studies have stated that the collagen fibres do 
not cross the cement line from the calcified cartilage to the subchondral bone
138
 and the 
images here support this consensus.  
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Figure 4-12 The interface between bone and calcified cartilage 
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4.3 Lesions 
Previous studies of the metacarpophalangeal joint have identified a variety of different 
lesion types, ranging from small microlesions on the surface to extensive lesions where the 
cartilage has been lost and exposed the bone at the lesion site.
93
 There also exist on some 
joints grooves which run with the direction of articulation which are referred to as wear 
lines.
109
 Faced with this large range of lesion morphologies and locations it was beyond the 
scope of this project to do a systematic study of all lesion types, therefore in this study we 
have concentrated on the “butterfly” lesions, which occur on the cortical ridge
142
 (see 
Figure 4-13). These lesions appear to be the most common type of lesion of this joint, 
appearing on all samples which showed signs of degeneration. The lesions chosen for 
investigation were large enough to be visible with the naked eye but not so extensive that 
the underlying bone would be exposed. In this section we present data showing marked 
changes in the non-linear images of cartilage over an area extending from the core of the 
lesion into the macroscopically normal tissue surrounding it. These images are then 
compared to histological sections of the lesion viewed between crossed polarizers to reveal 
collagen organisation. Sections across the lesions were also fixed and stained for 
proteoglycans using the following stains Touludine blue (0.13% in distilled water) and 
Safarin O (0.1% in distilled water).  We also report abnormalities in sections away from 
lesion sites which may represent early degeneration (section 4.3.2) and also images taken 
from a highly degenerate joint (section 4.3.3). 
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4.3.1 Butterfly lesions  
When imaging the enface samples stacks of images were taken at points along a line 
(13mm long) which crossed a “butterfly” lesion on the cortical ridge. Figure 4-13 shows the 
location of the line of imaging points on the articular surface. 
 
Figure 4-13 A schematic diagram of the distal end of the 3
rd
 metacarpal. 
The location of the lesion is marked along with the line along which the sample has been imaged. 
 
Four different butterfly lesions were imaged. Features which have been observed in 
different regions approaching the lesion are summarised in figure 4-14. These images were 
taken from a 15yr old horse which contained a butterfly lesion but no other degenerate 
sites. The sample was sectioned after imaging and viewed between crossed polarizers and 
this is shown in figure 4-14d this clearly shows the progression form the normal histology 
to the diseased state approaching the lesion at the cortical ridge. Staining with Toludine 
blue revealed that the proteoglycans had been lost from the core of the lesion (region c) 
however the other areas showed an uptake of stain which was comparable to healthy tissue. 
 
Large amounts of fibrillation (splitting of the cartilage) at the centre of all lesions 
investigated, with voids free of collagen being observed within the imaging area to fully 
map the fibrillation a larger field of view would be required. The changes shown in figure 
4-14c are very pronounced, especially at the central lesion site. In the region shown in 
figure 4-14c there is rippling of the extracellular matrix which is most pronounced in the 
SHG images, this effect has also been seen in bovine tissue with osteoarthritis by Yeh et 
al
80
. The diseased area shown in part c is largely acellular with only one lacunae visible. In 
the region close to the lesion (region b) intense SHG signal was seen adjacent to the 
chondrocytes. In the TPF images the intensity surrounding these chondrocytes is no greater 
Cortical ridge 
Sagital ridge 
Dorsal articular surface 
(articulates with 
proximal phalanx) 
Palma articular surface 
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than the TPF from the pericellular matrix in healthy tissue. It is possible that these images 
may be showing increased collagen production by the chondrocytes. 
   
   
   
 
Figure 4-14 Multi-photon imaging on a sample containing a butterfly lesion.   
The images marked SHG/TPF show the result of dividing the SHG image by the TPF image, and the 
images marked TPF/SHG show the converse. These results are displayed using a false colour LUT with 
the scale in the right hand corner. The lesion was imaged enface and then sectioned after imaging (d) 
shows the section viewed between crossed polarisers. 
Healthy region of 
cartilage: SHG and 
TPF images are 
shown in (a). 
Region nearing the lesion histology 
shows normal arcade structure of 
matrix is being lost: SHG and TPF 
images show unusual looking cells 
see (b). 
Lesion area: very strong birefringence due 
to high collagen content: images in the 
SHG and TPF show very few cells rippled 
looking matrix in the SHG as see (c). 
Region with healthy looking 
matrix and cells in the TPF and 
SHG images similar to those 
shown in shown in (a) 
d. Histological slice of the lesion viewed between crossed polarizers 
b, SHG/TPF b, TPF  b, TPF/SHG  
a, SHG  
b, SHG  
a, TPF a, SHG/TPF  a, TPF/SHG  
c, SHG  c, TPF  c, SHG/TPF  c, TPF/SHG  
7a, TPF/SHG  
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4.3.2 Early superficial lesions 
Many regions of cartilage which appeared macroscopically normal demonstrate disruption 
to the surface of the cartilage. In this section images and stacks taken of these features are 
presented. Figure 4-15 shows a 3D reconstruction of a superficial lesion found on the dorsal 
region of the joint, this is reconstructed from a stack images of 80 separated by 0.5µm steps 
and the dimensions are 227 × 160 × 40 µm. This lesion is approximately 15µm in depth and 
runs parallel with the direction of articulation in the joint. This lesion was found on a 5 ½ 
year old horse which also demonstrated some early osteoarthritic “butterfly” lesions on the 
cortical ridge. The tissue surrounding the lesion still contains elastin fibres but no fibres 
travel across the lesion.   
 
Figure 4-15: A 3D reconstruction of a microlesion. 
This has been generated from SHG and TPF stacks from the dorsal region of a 5 ½ yr old sample 
exhibiting early OA. The size of the slab of tissue in this reconstruction is 227 × 160 × 40 µm. 
 
When histology was carried out on this tissue sample after imaging we were unable to 
locate the microlesion. The histological sections showed “normal” tissue structure, with the 
sample taking up the stain for proteoglycans and no disruption to the articular surface. 
SHG TPF 
SHG= blue 
TPF = green 
SHG= blue 
TPF = green 
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These are shown in figure 4-16. This supports the hypothesis that this lesion represents 
some of the earliest degenerative changes as no other degeneration is noted on the 
histology. 
 
Figure 4-16 histological sections of the sample imaged for figure 4-15. 
A section has been stained for proteoglycans with safarin O (right) and viewed between crossed 
polarizers (left). These images show an apparently healthy structure containing proteoglycans and no 
disruption to the articular surface. 
 
Another feature has been observed which may represent early osteoarthritic changes is 
splits seen in the SHG images of the extra-cellular matrix. These splits are only visible in 
the SHG images and not in the TPF images indicating that they are a feature of the collagen 
in the extra-cellular matrix. These split features have been observed in the sagital ridge of 2 
samples. TPF and SHG images of a region with the split like features are shown in figure 
4-17. Histology on this region showed an undisrupted structure at the articular surface with 
no signs of fibrillation at the surface. The sample stained strongly with safarin O indicating 
a normal proteoglycan content. 
100µm 
Articular surface 
Articular surface 
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Figure 4-17 A SHG and TPF images showing splitting of the collagen matrix.  
These images were taken at a depth of 15µm from the articular surface, on a cartilage slice taken from 
the sagitial ridge of a 5.5yr old sample demonstrating early OA. Histological sections were taken of the 
sample after multi-photon imaging,  and stained for proteoglycans with safarin O (bottom left) and 
viewed between crossed polarizers (bottom right). These images show an apparently healthy structure 
containing proteoglycans and no disruption to the articular surface.   
 
Another sign of early degeneration is fibrillation at the articular surface. This was observed 
at the surface of a 15yr old horse demonstrating early disease. Figure 4-18 shows a region 
where the collagen at the articular surface has broken up into a highly fibrillated 
arrangement at the top 15µm of the articular surface. Beneath the fibrillated tissue at the 
surface the multi-photon images showed the same features as reported in healthy tissue. 
The reconstruction of the fibrillated structure is generated forma stack of 20 SHG images 
SHG TPF 
splitting cells Elastin fibre 
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taken from the surface to a depth of 20µm. The fibrillated tissue at the surface did not 
exhibit much TPF suggesting it had a different composition to healthy matrix. histology 
taken from this region showed a disrupted articular surface with the tissue beneath 
appearing histologically normal. 
 
 
Figure 4-18 A reconstruction of fibrillated collagen at the articular surface.  
The size of the reconstruction is 170 x 170 x 15 µm and is generated from a stack of SHG images taken 
at the surface. 
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Figure 4-19 Histology of the region shown in figure 4-18. 
 
 
4.3.3 Highly degenerate tissue 
In this section we report data taken from a 4yr old horse with very advanced degeneration, 
with large areas where the cartilage was eroded so that the underlying bone was exposed. 
Many regions of this joint showed cartilage which was completely acellular, and highly 
fibrous in nature, this cartilage is likely to consist of type I collagen rather than type II 
collagen. The TPF signal from these regions was very low indicating that the sample was 
composed mainly of collagen.  A pair of TPF and SHG images of this region are shown in 
figure 4-20, accompanied by histological sections carried out on this sample after imaging. 
The histology reveals that underneath the acellular tissue at the surface there are clusters of 
cells. 
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Figure 4-20 Highly degenerated tissue showing a very fibrous structure. 
TPF and SHG images taken of a region of highly diseased tissue showing a highly fibrous structure and 
the absence of any chondrocytes. This sample was taken from the region dorsal of the 3
rd
 metacarpal. 
Histology taken after multi-photon imaging revealed clusters of cells below the acellular fibrous tissue. 
 
The area of the joint which showed least degeneration was the sagital ridge. In this area no 
macroscopic lesions were visible. However when viewed using multi-photon microscopy 
there were abnormalities in the organisation of the cells in the superficial layer, with the 
cells appearing to be small and arranged into tight clusters of about 4-6 cells. TPF and SHG 
images of some of these clusters are shown in figure 4-21, along with the histology of this 
region. The clusters of cells were evident on the histological section and there were also 
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signs of some damage to the articular surface. Bellow the articular surface in the 
transitional zone the histology revealed that the structure of the tissue resembled that of 
healthy tissue. 
 
 
Figure 4-21 Cell clusters seen on the sagital ridge of a sample with advanced OA. 
The SHG and TPF Images were taken at a depth of about 13µm from the articular surface. The 
Histology also revealed cell clusters and damage to the articular surface, however the deeper zones 
appeared “normal”. 
In some regions of the tissue the cells formed larger clusters, up to 70µm in diameter and 
containing 10 or more cells. Some of these clusters appear to be surrounded by a fibrous 
capsule of collagen fibres this is demonstrated in the 3D reconstruction of the SHG image 
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of the region surrounding one of the clusters of cells shown in figure 4-22. The appearance 
of the cell clusters was also observed on histological sections taken of the sample after 
imaging. 
 
Figure 4-22 Cell clusters at the with a surrounding fibrous capsule. 
Images taken from a stack on the cotical ridge of articular cartilage in a highly degenerate joint, 
showing large clusters of cells surrounded by fibrous capsules.  
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Figure 4-23 histology carried out on the cortical ridge sample from figure 4-22. 
The histology shows that the sample contains many large clusters of cells like those observed with the 
multiphoton microscopy. It also reveals that there is a very fibrous layer at the surface where the tissue 
does not stain for proteoglycans. 
 
100µm 
Very fibrous tissue at surface 
Cell clusters 
Cell clusters 
100µm 
Very fibrous tissue at surface 
Does not stain for proteoglycans 
Chapter 4 Cartilage Imaging 
149 
 
4.4 Discussion 
We have characterised the healthy tissue in all of the zones of articular cartilage, with the 
images showing clearly the chondrocytes within the extra cellular matrix. The pericellular 
matrix in the superficial and transitional zones was characterised by an increase in the 
fluorescence and a decrease in the SHG intensity. The chondrocytes were found to contain 
bright spots in both the CARS and the TPF images. These were not colocalised indicating 
that they were from different structures. A 3D reconstruction generated from a stack of 
images taken at the articular surface showed the flattened shape of the chondrocytes. En-
face imaging only allowed the superficial tissue to be imaged and therefore to investigate 
the deeper zones cartilage sections were used which included the zone of calcified cartilage 
and the underlying subchondral bone. Multi-photon images of these sections showed 
clearly the changes in cell shape and distribution with depth which corresponded well with 
previous descriptions. The tidemark showed up clearly on the images and there was an 
increase in the TPF from the calcified tissue compared to the non-calcified tissue. The 
tidemark was characterised in the SHG images by a decrease in intensity and further work 
will be needed to investigate whether this relates to a change in collagen fibre organisation. 
 
When carrying out the CARS imaging of the cartilage the OPO was tuned to the resonant 
frequency of the CH2 symmetric stretching bond vibration. This provides good contrast for 
the lipids within the tissue which for which each molecule contains many CH2 bonds. The 
CARS imaging could be extended to imaging other molecules by tuning the laser to the 
frequency of another bond vibration for example the O-P-O bond vibration for DNA
61
 or 
the amide bond for proteins
62
. Tuning to image the DNA would provide additional 
information on the nuclei of the chondrocytes and imaging the amide bond in protein may 
provide good contrast for both the cells and the extra-cellular matrix. TPF images showed 
bright spots within the cells which were not co-localised with the bright spots within the 
CARS images when imaging with the CH2 bond vibration. Experiments to see if they were 
co-localised with any alternative CARS bond vibrations should help to discover the identity 
of the bright fluorescent spots. Another possibility is to investigate bond vibrations from 
the proteoglycans, if a suitable vibration could be identified in the Raman spectra for 
proteoglycans then this could be used to map their distribution in the cartilage. 
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When imaging osteoarthritic tissue using SHG and TPF we were able to see changes which 
occurred in both the inter-territorial matrix and the pericellular matrix. This investigation 
needs to be extended by combining the SHG and TPF imaging with CARS imaging. As 
shown in section 4.3 CARS imaging of the CH2 bond provides information on the 
chondrocytes within the tissue. The cell morphology has been observed via con-focal 
microscopy to change in degenerate tissue
133
 and CARS imaging could provide information 
on the health of the cells in our samples. It may possibly be able to provide a method for 
identify cells which are undergoing apoptosis and combined with TPF and SHG imaging 
would enable one to clearly identify empty lacunae left as a result of cell death. This would 
be a useful tool in osteoarthritis research as the significance of cell death by apoptosis into 
the progression of osteoarthritis is an area of debate
140, 141, 143-146
. 
 
There is scope to extend the work on imaging lesions carried out in this chapter. As 
mentioned previously there is a large variety of the different types of lesion which occur 
even within a single joint. It is difficult to determine whether different lesion types are 
different stages of the disease process or represent different degenerative pathways within 
the tissue. In order to characterise the changes which occur with osteoarthritis a much 
larger sample size would be needed to account for the large amounts of variation. There 
may too be more subtle changes occurring near the lesion such as changes in the number 
and size of the chondrocytes. These are difficult to distinguish from the normal variants of 
the healthy state, and therefore would require larger sample sizes to study them. The most 
promising advantage of the present techniques is the imaging of the micro-lesions seen in 
the samples which appear macroscopically normal, especially since the early stages of the 
disease progression are the least well understood. For larger lesions the overall structure of 
the lesion is not apparent from the multi-photon images as it is much larger than the field of 
view of the microscope. The investigation into osteoarthritic tissue has focused on the 
surface and superficial cartilage. Future work should be carried out to investigate any 
changes which occur with disease deeper within the tissue and at the tidemark and zone of 
calcified cartilage. In the osteoarthitic tissue changes occur in the collagen fibre 
organisation, this can be investigated using polarization sensitive non-linear microscopy as 
discussed in chapter 6. 
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5 Imaging Elastin Networks 
5.1 Introduction 
Multi-photon microscopy has been useful for revealing the elastic fibre networks in other 
tissues which contain a network of both collagen and elastin fibres for example in the 
dermis 
40, 147
 blood vessels
67, 148
 and heart valves
68, 149
. In this chapter we use a combination 
of SHG and TPF imaging to reveal the network of elastin fibres within the collagen matrix 
of cartilaginous tissues. 
 
The imaging of articular cartilage presented in Chapter 4 revealed a significant network of 
fibres in the TPF images, which were presumed to be elastin fibres due to the well know 
fluorescent properties of this protein. These fibres are evident in the TPF images but not the 
SHG images and therefore cannot be collagen fibres. Although this network of fibres had 
previously been observed by Yeh et al
80
 no detailed study into their distribution and 
organisation had been carried out. Previous to multi-photon research into cartilage it was 
believed that articular cartilage contained no elastin fibres and there were only two other 
papers reporting the possibility of these fibres
86, 87
. In this chapter we confirm that these 
fibres are indeed elastin via the technique of immuno-staining and investigate the 
organisation of the fibres within the cartilage. The elastin fibres within the articular 
cartilage may contribute to the physical properties of the tissue. In order to provide a basis 
for future research into the possible mechanical function of these fibres we carry out 
imaging to find the orientation of the elastin fibres with respect to the articular surface and 
variations with depth and between different joint regions which are subjected to different 
stresses. The relationship between the number of fibres and the age of the sample is also 
investigated.  
 
Elastin is known to occur in other cartilaginous tissues. In this chapter multi-photon 
imaging results from intervertebral disc and elastic cartilage are also presented. The elastin 
network in all three tissues are investigated and compared. 
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The sample sources and preparation of all three tissues is described in Chapter 2. We 
examine elastin fibres in both en-face samples and transverse sections using microscope 2. 
5.2 Elastin in articular cartilage 
5.2.1 Confirmation of the identity of elastin fibres using immuno-staining 
As there has been no previous work which definitively proved the presence of elastin fibres 
within articular cartilage immuno-staining was used to identify the fluorescent structures 
revealed by TPF. Multi-photon images were taken of the slices of cartilage directly after 
dissection and the fibres within the samples were visualised. The samples were then taken 
by Dr Jing Yu (Department of Physiology, Anatomy and Genetics, University of Oxford) 
who carried out immuno-staining and sectioning. For the immuno-staining fresh tissue 
slices (as described in section 2.5.1) were firstly blocked with normal donkey serum for 5 
hrs at 40 °C, then incubated with elastin antibody (Biogenesis, UK) overnight at 4°C. A 
secondary antibody conjugated with the fluorescent dye Cy3 was then added, to allow the 
fibres to be visualized. 20 micron sagital sections were cut from frozen and mounted using 
a DAPI-containing medium on poly-lysine coated slides. 
 
Figure 5-1 shows an en-face multi-photon image taken from the sagital ridge of an 8yr old 
horse and alongside it an image of an immuno-stained section taken from the same sample 
viewed using transmission fluorescence microscopy with a polarized filter combination. 
The immuno-staining confirmed the presence of a network of elastin fibres in the 
superficial zone of the articular cartilage, with the majority of fibres within the first 50µm 
below the articular surface but with some fibres seen at depths up to 175µm towards the 
end of the section. The TPF fibres were observed within the same region of the cartilage 
and therefore we conclude that the fibres within the TPF images are indeed elastin. The 
pericellular matrix exhibited TPF, and there was also fluorescence associated with the cells 
in the immuno-stained images this suggested that some of the fluorescence from the 
pericellular matrix may be from elastin, however there may be additional fluorophores 
contributing to this fluorescence and no individual fibres have been resolved in this region. 
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Figure 5-1 Multi-photon imaging and immuo-staining of elastin fibres.  
Elastic fibres from the sagital ridge of 8yr old horse (sample with no OA). Parts a-c show multi-photon 
images taken of the sample directly after dissection (in the merged image green = TPF and blue = SHG) 
enface imaging at a depth of 5µm below the articular surface. Elastin fibres are clearly visible within 
the TPF images. Parts d-e show stained histological sections taken from the same sample, these 
demonstrate the distribution with depth. (d) shows the sample immuno-stained for elastin using a 
fluorescent dye, (e) shows DAPI staining for the nuclei within the sample and (f) shows the merged 
immuno-stained and DAPI stained sample. Images (d-f) courtesy of Dr Jing Yu. 
a. SHG 
c. Merged 
b. TPF 
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e. DAPI stain f. merged 
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5.2.2 Transverse Sections 
As the immuno-stained sections showed elastin to a depth of approximately 50µm, 
transverse sections were also investigated with multi-photon imaging. Figure 5-2 shows 
TPF and SHG images of the superficial and transitional regions in a transverse section 
taken at the cortical ridge. Before the section was prepared enface TPF imaging was carried 
out on the cortical ridge and this revealed a network of elastin fibres (these are also shown 
in figure 5-2). The TPF images show bright spots within the matrix, however they do not 
show a network of long fibres. This may be because many of the fibres are perpendicular to 
the imaging plane. The brightest spots are about 1µm in diameter and approximately 50% 
brighter than the surrounding matrix.  
 
Figure 5-2TPF and SHG imaging on a transverse section.   
The section has been taken from the cortical ridge region, enface imaging of this region revealed elastin 
fibres in the superficial layer. 
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5.3 Distribution of elastin fibres across the joint surface 
The forces on the cartilage vary hugely between different regions in the 
metacarpophalangeal joint and therefore we investigated the distribution of elastin fibres at 
different regions on the joint surface. The different regions investigated are shown in figure 
5-3. The dorsal region of the 3
rd
 metacarpal articulates with the proximal phalanx, and 
therefore areas 5,6 and 8 experience high shear forces due to the extensive rotation of the 
joint
150
. The sesamoids bear the weight of the standing horse and during galloping therefore 
this region is subjected to large compressive forces. The cortical ridge marks a change in 
curvature between the palma and dorsal regions, this area is subjected to the largest shear 
stress and is the most common site of lesions.
151, 152
 At each region 2 stacks of both SHG 
and TPF images were taken to a depth of 30 microns. This experiment was repeated on 3 
horse samples with the ages 5 ½ , 6 and 8 yrs.  
 
Figure 5-3 Areas imaged for elastin fibres within the metacarpophanageal joint. 
 
All the regions investigated contained elastin fibres in the superficial zone. However 
variations in the organisation and density of the fibres were observed as summarised in 
figure 5-4. In the cortical ridge and sagital ridge areas the fibres were generally parallel (see 
figure 5-4 a) and lying across the joint perpendicular to the joint articulation. Whereas in 
the dorsal and palma regions there was a network of crossed fibres (see figure 5-4b). In the 
sesamoid region there was a sparser fibre network no apparent organization (see figure 
5-4c). Figure 5-5 illustrates features of the fibres distribution that were common to all three 
3
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joints examined. In some regions (dorsal, palma and proximal phalanx) there is variation 
between horses and a larger study will be required to fully characterise patterns and 
variability. 
 
 
Figure 5-4 Elastin fibre arrangements from different regions.  
Multiphoton images taken at different areas on the articular surface (all at a depth of 3 microns from 
the articular surface) The SHG images show the collagen matrix and the TPF images show the elastin 
fibres and back-ground fluorescence from the extra-cellular matrix. In the merged images blue= SHG 
and green = TPF.  Parallel elastin fibres were found in the cortical ridge area (a) this pattern of fibres 
was also repeated on the sagital ridge (image not shown). A dense network of crossed fibres were seen 
in the palma 1 region (b) similar arrangements were also seen in the dorsal area. Some areas for 
example the sessamoids showed a sparser network of elastin fibres with no apparent preferred 
orientation (c). 
 
50µm 
a: SHG a: TPF a: Merged 
50µm 
b: SHG b: Merged b: TPF 
50µm 
c: SHG c: TPF c: Merged 
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Figure 5-5 A schematic diagram of elastin fibre orientations in different regions.   
The red lines represent the predominant fibre orientation. The data shows the most commonly 
observed fibre orientations summarised from the 3 samples. 
 
To investigate the variations in fibre density with depth in different areas the number of 
fibres was counted in each frame within stacks of images taken from the most superficial 
30µm of tissue at the articular surface. The results are shown in figure 5-6. From these 
results the distribution of elastin fibres as a function of depth did appear to vary for the 
different regions; however a larger sample size would be needed to investigate this further.  
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Figure 5-6 The number of elastin fibres as a function of depth.  
Data has been taken for 8 the different areas investigated on the joint surface (the data was collected 
from an 8yr old sample showing no OA) 
5.3.1 Fibre properties 
The majority of the fibres within the articular cartilage appear to be long and straight 
suggesting that they may be under tension. In some areas curve fibres have been observed 
like those seen in the sesamoids (figure 5-4c). The stacks of images have been analysed to 
find branching elastin fibres and examples of these are shown in figure 5-7. These images 
are taken from regions where the elastin network is sparse in order to avoid confusion 
between sites where two elastin fibres may cross within the same field of view. The elastin 
fibres showed a wide range of branching angles from 8 – 85degrees, also some fibres split 
into multiple branches. 
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Figure 5-7 Montage of TPF images showing branching elastin fibres. 
 
Variations in the thickness of the elastin fibres were also observed. In a given image there 
are differences in the fibre thicknesses and also variations between imaging areas. The 
larger elastin fibres are brighter with respect to the back-ground fluorescence of the matrix 
and appear thicker on the images. The thickest fibres are often visible in more than 1 frame 
in the stack of images, at 1µm separation as for example the thick fibre shown in figure 5-8 
is visible in 3 frames. However this does not mean that the fibre is greater than 1µm in 
diameter as the focal spot dimensions are greater than 1µm in the z-axis so a fibre with 
submicron diameter may still appear in 3 images separated by 1µm. The finest fibres visible 
on the image (for example the fibre in figure 5-9) are only 1 pixel in width and are 
approximately 25% brighter than the background matrix. Finding fine elastin fibres within 
the matrix is made more difficult by the fact that the background intensity of the matrix is 
not uniform but fluctuates between the pixels by between 5 and 10%. It is possible that the 
cartilage contains more elastin fibres than those visible in the TPF images, as below a 
certain size the fibres probably will not be visible against the back-ground fluorescence of 
the extra-cellular matrix. From this we conclude that all the elastin fibres in articular 
cartilage have a diameter ≤1µm. We are unable to give a value for the minimum fibre 
diameter due to the resolution limitations and the difficulties of detecting very fine fibres 
against the background fluorescence. 
20µm 
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Figure 5-8 Profile across a thick elastin fibre.  
This fibre is from the sessamoid region and appears in 3 different frames within the stack 
 
Figure 5-9 Profile across a thin elastin fibre. 
This fibre is from the dorsal regions. 
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5.3.2 Elastin fibre variations with age 
The ability of cells to produce elastin is lost at maturity and therefore the amount of elastin 
in tissues may be age dependent. To investigate this we imaged the cortical ridge region of 
samples of different ages and counted the number of elastin fibres within the images. As the 
fibres were found to be most abundant in the superficial layer we counted the fibres within 
the first 30 microns below the articular surface. The number of fibres in each image of the 
30 image stack was counted and then averaged over the entire stack and corrected to give 
the mean number of fibres within a 100 ×100 micron area at the articular surface. 11 
samples were imaged with an age range of 2-20yrs and all the samples used had no or only 
very early signs of osteoarthritic damage. In samples demonstrating very early lesions the 
imaging site was chosen to be far away from the lesion area. Samples containing advanced 
lesions were rejected as in these samples there is likely to be a loss of elastin fibres due to a 
pathological process rather than the normal aging process. 
 
Figure 5-10 Age dependence of elastin fibre density.  
The number of fibres per unit area in the superficial cartilage of the cortical ridge area of cartilage is 
plotted against the age of the horse. 
 
The correlation coefficient for this data was calculated and found to be -0.78 indicating a 
negative correlation between the age of the sample and the number of elastin fibres. A 
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significance test was carried out on the correlation coefficient and from this it was found 
that the null hypothesis that the number of elastin fibres within the sample was independent 
of age could be rejected with 99.5% certainty. This raises the question of how the elastin 
fibres are lost. Are the elastin fibres removed locally by enzymatic digestion or by 
mechanical wear at the articular surface? Figure 5-11 shows broken elastin fibres near a 
small split at the articular surface. The large number of broken elastin fibres in this image 
suggests that they were damaged by a mechanical process. 
 
Figure 5-11 TPF image showing broken elastin fibres at the articular surface 
 
There are two other factors which it would be interesting to correlate the elastin fibre 
density against, these are level of disease in the sample (both local and global) and joint 
work-load although the later is very difficult to quantify. 
50µm 
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5.4 Elastin in the intervertebral disc 
Elastin has been found in the disc annulus and the nucleus as reported by Yu et al using 
single photon fluorescence immuno-staining
99, 153
. In the annulus from the horse tail disc 
the elastin fibres could be seen with TPF to be running parallel with the collagen fibres and 
this is shown in figure 5-12. In the study by Yu et al similar fibres were seen in bovine and 
human tissue.
99
 In the SHG images of the disc annulus the fibrous structure of the collagen 
can be clearly resolved (unlike in the articular cartilage). This is because the annulus 
collagen is mainly thicker type I collagen fibres 
100
 compared to the fine type II collagen 
fibres within the articular cartilage.  
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Figure 5-12 Multi-photon microscopy of the intervertebral disc annulus.  
Images from an equine tail disc (transverse section). Elastin fibres can be seen to run parallel with the 
collagen fibres within the disc.  
 
A three dimensional reconstruction has been created from a stack of 44 images (separated 
by 1µm steps) taken of this region and this is shown in figure 5-13. 
 
SHG TPF 
merged 
50µm 
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Figure 5-13 3 frames from a  3D reconstruction of the disc annulus.  
Generated from a stack of 44 images (size 260 × 260 µm) taken form a transverse section of the disc 
annulus. 
 
The thickness of the lamellae in the intervertebral disc depends on the species. In the discs 
dissected from rats tails several lamellae could be seen within a single field of view. This 
allowed the interlamellar space to be investigated. Yu et al had reported a much denser 
elastin structure in this region.
99
 The images taken form the annulus of the rats tail disc are 
shown in figure 5-14. In these images increased fluorescence is seen between the lamellae, 
indicative of increased elastin in this region. However within the individual lamellae no 
elastin fibres can be resolved running parallel with the collagen fibres.  This poses the 
following questions: Are there none of these fibres within the rats disc? Or are the fibres 
within the rats disc too fine to be resolved? Or are the fibres running in a different 
direction? To answer these questions further work would need to be carried out combining 
multi-photon imaging with immuno-staining. Figure 5-14 clearly shows the change in 
collagen fibre alignment between the lamellae. Alternate lamellae show a weaker SHG 
signal. This effect is due to the polarization sensitivity of the SHG from collagen, and in the 
faint lamellae the collagen fibres are orientated approximately perpendicular to the laser 
polarization, which is marked on the image.  
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Figure 5-14 Multi-photon images of the rats tail annulus.  
The image shows increased fluorescence between the lamellae and the different collagen fibre 
orientations within the alternate lamellae. 
 
Yu et al
99
 reported fibres in the nucleus running radially towards the disc annulus and also 
fibres running longitudinally in the nucleus towards the cartilaginous endplates. The multi-
photon pictures taken of the nucleus of an equine disc are shown in figure 5-15. There are a 
few elastin fibres within the matrix in the TPF images, and these appear short and this is 
because they are not lying parallel with the imaging plane. The SHG images form the 
nucleus show a less organised collagen structure in comparison with the annulus and this is 
in agreement with the previous literature.
100
  
SHG TPF 
merged 
50µm Laser polarization  
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Figure 5-15 Multi-photon images from the nucleus of the equine disc.  
The SHG image reveals the collagen matrix along with cell lacunae and the TPF image shows some 
elastin fibres. No fibre arrangement is apparent from this image and the elastin fibres appear short 
although this is most likely to be due to the fibres not lying parallel with the imaging plane. (transverse 
section). 
SHG 
Merged 
TPF 
50µm 
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5.5 Elastic Cartilage 
The elastic cartilage from the ear contains two zones, an outer perichondrium and an inner 
layer. Both regions have been imaged, both as en-face tissue samples and transverse 
sections. In the inner zone we observed a mesh-work of thick elastin fibres as shown in 
figure 5-16 and figure 5-17. These were much larger in diameter (up to 5µm) than the fibres 
observed in either the articular cartilage or the intervertebral disc. In the SHG images the 
chondrocytes showed up as dark voids, as in articular cartilage. However, there were also 
smaller dark voids within the collagen matrix where the thickest elastin fibres were located. 
In the top right TPF image in figure 5-16 the matrix surrounding the elastin fibres appears 
black, however adjusting the contrast reveals the fluorescence form the rest of the 
extracellular matrix (see bottom right image in figure 5-16). Unlike in articular cartilage 
there is no increase in fluorescence in the pericellular matrix. 
 
A 3D reconstruction has been generated from a stack taken in the inner region of the elastic 
cartilage (figure 5-17) and this clearly reveals the structure of the network of elastin fibres. 
Unlike in the articular cartilage and the disc, the fibres in elastic cartilage are not long and 
straight. Instead the fibres branch or join at approximately 10-40µm intervals, with a 
change of direction at the point of branching. There appears to be a wide range of 
branching angles and often more than 2 elastin fibres splitting off at a branching point. This 
is in agreement with previous descriptions of the elastin network  in elastic cartilage as a 
branching honeycomb like or trabecular structure of thick fibres
77
. 
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Figure 5-16 enface imaging of the inner portion of the elastic cartilage of the ear. 
SHG 
merged 
TPF 
50µm 
TPF 
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Figure 5-17 3D reconstruction of the inner portion of the elastic cartilage.  
This was generated form the SHG and TPF data taken in a stack of 62 images separated by 1µm. The 
dimensions of the reconstruction are 220x230x62µm. 
 
SHG 
TPF 
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Figure 5-18 Profiles across elatin in elastic cartilage.  
Profiles have been taken across elastin fibre structures of different sizes, thick fibres (profile a), 
intermediate sized fibres (profile b) and fine fibres (profile c). The intensity is normalised to the 
intensity in the region with no elastin fibres. 
 
The elastin fluorescence is very bright in comparison to that seen from the elastin network 
in articular cartilage or intervertebral disc. TPF and SHG profiles taken across different 
sizes of elastin fibre structures within the elastic cartilage are shown in figure 5-18. The 
thick fibres shown in profile a shows the TPF intensity from the fibre is 10× the 
background intensity of the matrix surrounding the fibre. Intermediate fibres shown in 
profile b have a TPF intensity about 2× the background intensity and the fine fibre shown 
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in profile c have a TPF intensity about 1.45× the background intensity. Even the fine fibres 
show a higher intensity relative to the background intensity than the bright fibres within the 
articular cartilage. This suggests that these fibres are thicker than the fibres within the 
articular cartilage. The very thick fibres show a decrease in SHG intensity of over 50% 
corresponding to the position of the peak intensity of the elastin fibres. However for the 
smaller fibres there is no correlation between the SHG profiles and the TPF profiles. 
 
Enface imaging of the perichondrium (figure 5-19) showed a woven structure of collagen 
fibres and a meshwork of elastin fibres between the collagen. The elastin fibres in this 
region are finer and straighter than the fibres within the inner region. The fibres appear 
most numerous in regions where there is a gap in the collagen matrix and in some areas 
appear to be running across linking different regions in the collagen matrix with different 
fibre orientations.  
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Figure 5-19 The perichondrium layer of elastic cartilage viewed enface.  
The SHG image shows a structure of woven collagen and the TPF image shows a network of elastin 
fibres. A 3D reconstruction is generated from the stack of merged TPF and SHG images, the size of the 
reconstruction is 204 ×198×50µm 
 
A cross-section of the elastic cartilage was imaged and the region containing the transition 
between the outer perichondrium and the inner cartilage is shown in figure 5-20. In this 
view of the perichondrium layer the elastin fibres appeared long and straight. These fibres 
were found to be lying parallel with the collagen fibres in this region. The collagen fibres of 
the perichondrium region were thicker than those seen in articular cartilage and more 
closely resembled the structure of the disc annulus. The change in elastin fibres between the 
two regions is not completely abrupt, with an intermediate zone with a meshwork of fibres 
50µm 
SHG 
merged 
TPF 
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which are finer than those in the inner zone and some straight long fibres. This transition 
can also be observed through histological staining
104
 and is shown in figure 5-21. 
 
 
Figure 5-20 SHG and TPF images from a transverse section of elastic cartilage.  
The region imaged shows both the outer perichondrium and the inner cartilage region. 
 
Multiphoton imaging of elastic cartilage has been carried out in a previous study by Yu et 
al
154
 this study used both TPF and third harmonic generation (THG) with a 1230nm 
excitation laser source. Their TPF imaging at this wavelength gave a very low contrast 
against the back-ground noise. With the 800nm excitation the elastin used in our images the 
elastin fibres showed up with a high contrast against the background fluorescence. This 
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implies that the 800nm excitation light is more efficient at exciting elastin fluorescence 
than 1230nm light.  
 
Histological sections were taken from the elastic cartilage of the ear and stained with orecin 
to reveal the elastin. The staining showed the same thick network of fibres within the centre 
of the elastic cartilage, with finer fibres seen towards the perichondrium layer as shown in 
figure 5-21. 
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Figure 5-21 Elastic cartilage stained with orcein 
This provides contrast to the elastin fibres (elastin fibres are dark against the pink background) 
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5.6 Discussion 
The fluorescent fibres identified in the TPF images of articular cartilage are a significant 
finding for cartilage research. Previously it was thought that collagen was the only fibrous 
protein to be found in the articular cartilage extracellular matrix, with only one paper 
reporting the existence of elastin like fibres
87
. The identity of the elastin fibres in the 
superficial zone of articular cartilage has been conclusively proven by immuno-staining.  
 
The fibres were found to be most abundant in the most superficial tissue (top 50µm) and to 
lie in the plane parallel to the articular surface. The majority of fibres are long and straight 
indicating that they may be under tension and they also often have a preferred orientation. It 
is therefore likely that they provide a biomechanical function. One possibility is that they 
are required to maintain the alignment of the collagen fibres, providing a restoring force 
when the fibres are not held in swelling equilibrium by the proteoglycans. Future work 
could be undertaken to relate the organisation of these fibres to the collagen fibre 
orientations. The organisation of the fibre network is not constant over the joint surface. 
Some areas show parallel aligned fibres whereas others show either a criss-cross fibre 
arrangement or a sparse network of fibres. A larger volume of samples would be needed to 
characterize these variations more fully but it may then be possible to relate them to the 
different forces in the different areas of the cartilage. 
 
The amount of elastin within the superficial zone was found to be significantly less in 
samples taken from older horses. This indicates that elastin fibres are lost from this region 
in an age related process. It would be interesting to investigate whether the amount of 
elastin in the articular cartilage is related to the level of wear and disease in the joint. 
However for this study a much larger sample size would be needed to eliminate 
compounding factors such as age. 
 
The elastin fibres have also been imaged in the intervertebral disc and the elastic cartilage 
from the ear. The elastic fibres of the disc, articular cartilage and perichondrium of the 
elastic cartilage are long and straight. The elastin within the inner portion of the elastic 
Chapter 5 Elastin Networks 
178 
 
cartilage was not in this form and instead formed a large branching honeycomb structure. 
The elastin fibres from the elastic cartilage were also much thicker than those found in the 
disc and articular cartilage, and therefore appeared brighter within the images.  
 
It is unknown whether the elastin fibre identified in the cartilage and the disc differs in 
composition from the elastin which forms large lamellar structures in the blood vessels. The 
majority of biochemical and structural analysis has been carried out on the elastin from 
blood vessels. There is some evidence that the amino acid composition of the material 
isolated from the disc and elastic cartilage is different, however it is inconclusive whether 
this is due to difficulties in removing contaminating proteins.
155, 156
 Other elastin-like 
materials for example lamprin also exhibit a strong TPF signal. Further work would be 
needed to identify whether it is the same fluorophore responsible for the TPF in the elastin 
from different tissue sources and elastin-like proteins.  
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6 Polarization sensitive non-linear microscopy  
6.1 Introduction 
As discussed in the introduction section 1.3.3.2 the production of SHG light from collagen 
is dependent on the polarization of the laser excitation beam, with respect to the long axis 
of the collagen fibres. In this chapter we report measurements of the polarization sensitivity 
of SHG and TPF in two different collagen-based tissues, tendon and cartilage. The 
polarization sensitivity results are used to find the collagen fibre orientations within the 
superficial layers of the tissues. We also investigate the polarization sensitivity at different 
depths into the tissue and how this is affected by the optical properties of the overlying 
tissue. Finally in the end of the chapter we demonstrate that polarization sensitivity 
measurements can be used to observe structural changes which occur between the healthy 
and the diseased state (osteoarthritis) in articular cartilage. 
6.2 Polarization Sensitive Measurements 
All measurements were taken on microscope 1 which is described in section 2.2. In 
polarization sensitivity experiments the polarization of the light incident on the sample was 
rotated in 10 degree steps using the half-wave-plate behind the microscope objective. The 
total intensity from the area scan was measured and the intensities for each angle were 
combined to create the polarization sensitivity curve. This process was repeated at depth 
steps into the tissue of 10 µm in tendon and healthy cartilage and 15 µm in cartilage lesions. 
The depth steps were chosen as a compromise between collecting a very detailed data set 
and minimising the total scan time. 
 
For investigating the change in the polarization sensitivity with depth a power of 30mW 
was used for acquisition of surface images, but power was increased with scanning depth so 
that at 200 µm depth the power exiting the objective was 140mW. 
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6.2.1 Validation of Polarization Sensitive Microscope Set-up 
Preliminary tests were made to check that there was no intrinsic polarization sensitivity 
within the microscope. A fluorescein solution was used as a sample for these experiments 
as it should have no polarization sensitivity due to the homogeneous isotropic distribution 
of the fluorescein molecules. Figure 6-1 shows the results of rotating the polarization angle 
of the laser excitation signal through 360 degrees. The intensity of the fluorescence from 
the sample remained constant (±1.6%), indicating that the microscope was not 
preferentially transmitting any polarizations.  
 
Figure 6-1 The polarization sensitivity of TPF from fluorescein.  
The intensity of TPF from flourescein as a function of polarization angle, the variations are small less 
than +/-1.6%, therefore demonstrating that our experimental set-up has no intrinsic polarization 
sensitivity 
 
The normalised intensity values used in this graph represent the sum of the counts from all 
the 250000 pixels in the microscope image, divided by the mean intensity for polarization 
angles. 
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Previously, polarization sensitivity measurement have been used to find the orientation of 
the collagen fibres within tissue samples
35
. To validate that we were able to do this with our 
experimental set up we compared the fibre orientations found using polarization sensitivity 
measurements in tendon samples to the orientations found from the SHG image taken of the 
same area. This was repeated 3 times and the maximum difference between the angles 
found with the two techniques was 5º. A representative polarization sensitivity plot and 
image of tendon is shown in figure 6-2.  
 
Figure 6-2 Fibre orientations found from imaging and polarization sensitivity. 
The image shows the collagen fibres within the tendon (with the fibre angle marked in red) and this is 
compared to the polarization sensitivity of the SHG signal plotted for the same area of the tendon. In 
the polarization sensitivity graph 0º corresponds to the light being polarized horizontally across the 
image. For this sample the collagen fibre angles were measured to be 118º±1.5 from the image and 
116º±3 from the polarization sensitivity plot. 
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6.2.2 Polarization Sensitivity Curves in the Superficial Layers of 
Cartilage and Tendon 
The polarization sensitivity of the generation of both SHG and TPF has been measured in 
the surface of two different tissues; tendon and cartilage. The results for cartilage and 
tendon at a depth of 10µm from the surface are shown here in figure 6-3.  
 
Figure 6-3 TPF and SHG polarization sensitivity in cartilage and tendon.   
Representative polarization sensitivity curves are shown for both TPF and SHG data taken at the 
surface in cartilage (a) and tendon tissue (b), with the x axis showing the polarization of the laser 
fundamental. The intensities have been normalized by dividing through by the mean intensity for each 
curve. The data was taken at a depth of 10 microns into the tissue 
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As expected from the previous literature the SHG from tendon exhibited a strong 
polarization sensitivity. The SHG from cartilage also displayed polarization sensitivity. 
This result differs from that previously reported
80
, but is consistent with well established 
histological evidence
74, 85
. In both tendon and cartilage the polarization sensitivity of the 
TPF only showed very small variations with angle and therefore we concluded that the TPF 
has no significant intrinsic polarization sensitivity or that the two-photon fluorophores are 
randomly distributed for both tissues. 
 
The visibility ((Ipeak - Itrough)/(Ipeak + Itrough)) the SHG polarization sensitivity curves gives a 
comparative measure of the degree of order within the tissue sample. The visibilities of the 
three tissue types investigated here are shown in table 6.1.  The visibility for cartilage is 
noticeably less than that for tendon and pericardium. This is likely to be due to the fact that 
the collagen in cartilage is predominantly type II, whereas the collagen in tendon is 
predominantly type I. The type I collagen fibrils of tendon are thicker in diameter than type 
II collagen fibrils. In cartilage there is also a variety of collagen fibre alignments with some 
zones containing parallel aligned fibres and others where the collagen is arranged to form a 
mesh to trap proteoglycan molecules within the tissue. 
 
tissue Number of samples Mean visibility Standard deviation 
SHG 6 0.11 0.05 cartilage 
TPF 5 0.04 0.02 
SHG 6 0.29 0.04 tendon 
TPF 5 0.045 0.005 
Table 6.1The visibility of the polarization sensitivity of SHG and TPF. 
 
The polarization sensitivity properties of tendon have been used previously to characterise 
the second-order non-linear susceptibility tensor for collagen
18, 19, 23, 25, 33, 34
. Using a similar 
approach, we fitted the Freund model
25
 (discussed in section 1.3.3.2) to our polarization 
sensitivity curves for tendon, using the Microcal Origin curve-fitting tool based on the 
Levenberg-Marquardt algorithm. Two equations have been fitted the first is the equation 
used by Freund et al (equation 6.1a) and the second contains an additional constant which 
allows an offset in the data (equation 6.1b). 
( ) ( )( ) ( )( )( )[ ]2222 2sinsincos αθαθαθρ +++++= AI SHG    (6.1a) 
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( ) ( )( ) ( )( )( )[ ]BAI SHG ++++++= 2222 2sinsincos αθαθαθρ   (6.1b) 
The parameters A, B, ρ and α were all variable parameters in the curve fit.  
 
Figure 6-4 Polarization sensitivity curve fitting.  
A representative polarization sensitivity curve of SHG from tendon and the curve fits of equations 6.2a 
and 6.2b 
 
The curve fitting was carried out on polarization sensitivity curves taken from 5 different 
samples of tendon. The fitting of equation 6.1a to the data gives an average value of 
04.055.1 ±=ρ  with a reduced χ2 for the fitting of 0.016±0.003. When equation 6.1b is 
fitted to the data the average value of  24.005.2 ±=ρ   and the offset 1.046.0 ±=× BA , 
0 2 4 6
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
20/12/2006
S
H
G
 I
n
te
n
s
it
y
Polarization angle in Radians
Curve fitting equation 1a
0 2 4 6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
 20/12/2006
S
H
G
 I
n
te
n
s
it
y
Polarization Angle in Radians
Curve fitting equation 1b
Curve fit results: 
ρ = 1.56±0.04 
χ
2 
= 0.014±0.004  
Curve fit results: 
ρ = 1.9±0.2 
Offset = 0.5±0.1 
χ
2 
= 0.002±0.001  
urve fitting equation 6.2 b 
Curve fitting equation 6.2 a 
Chapter 6 –polarization sensitive non-linear microscopy 
185 
 
with a reduced χ
2
 for the fitting of 0.001±0.001. Fitting equation 6.2a gives a lower value 
for the parameter ρ than expected and a poorer fit than equation 6.2b (the average value of 
χ
2
 was 1 order of magnitude larger), this may be for two possible reasons, heterogeneities in 
the tissue or effects of the objective lens. Figure 6-4 shows the equations fitted to a 
representative polarization sensitivity curve for tendon. 
 
Previous works found that the choice of imaging area affects the measured value of ρ, in 
young rat tail tendons where the fibres are crimped. This is due to the presence of multiple 
fibre orientations within the imaging area (i.e the fibres were not all aligned with the fibre 
axis), when a small area containing only one fibre orientation then the values of ρ as high as 
2.6 have been observed.
23
  When Stoller et al, modelled the polarization sensitivity in 
tendon allowed for a Gaussian distribution of collagen fibres about the tendon axis with an 
angular distribution of 15º. This was found to have only as small effect on the polarization 
sensitivity patterns with a maximum effect of approximately 12.5% on the overall 
amplitude of the intensity variations.
18
 The tendon samples used in our experiment were 
from the equine flexor tendon, which does not exhibit the crimping observed in rats tail 
tendon, and the images show almost uniform collagen fibre alignment. Therefore multiple 
collagen fibre orientations appear unlikely to be the sole explanation of the poor fit of the 
Freund equation to our experimental data. 
 
The focusing of the light through objective will have an effect on the polarization of the 
light at the focal point. The effects will be greater the higher the numerical aperture used 
and therefore the measured polarization sensitivity will be less. At the focal point a 
proportion of the linearly polarized excitation light becomes elliptically polarized. The 
angle between the plane of the ellipse and the original linear polarization and the degree of 
eccentricity of the polarization vary throughout the focal plane. Figure 6-5 summarizes how 
the polarization of different rays is changed by the microscope objective, for linearly 
polarized light in the x-direction. The p and s-polarized rays are shown on figure 6-5 these 
rays remain linearly polarized as they travel through the objective, although at the focal 
point the p-polarized ray will now clearly have a component of its polarization in the z-
directions as well as in the x-direction. Rays which travel through the shaded areas on 
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figure 6-5 become elliptically polarized, the pattern of the cross of linearly and elliptically 
polarized light is referred to as the airy cross.
157, 158
 
 
Figure 6-5  The effect of the objective on polarization. 
A diagram to summarize the effect focusing through the microscope objective has on the polarization of 
the different rays within a linearly polarized beam. Adapted from Paul Keatlys thesis.
157
 
 
Rays on the focal axis are the only ones to remain completely linearly polarized in the same 
direction as the original laser polarization.
159
 The loss of linear polarization may go 
someway to explain the lower polarization sensitivity visibilities we have measured, 
compared to the other research groups which carried out their experiments using lower NA 
objectives (for example Stoller et al
18
 used a 0.42NA  objective, Williams et al
23
 used a 
0.75NA  objective compared to the 1NA objective used in our experiments). Therefore we 
could interpret the constant B included in the curve fitting as a contribution to the overall 
SHG intensity from SHG which has been excited by the proportion of laser fundamental 
which is no longer linearly polarized at the focal point. 
P polarized P polarized 
S polarized 
S polarized 
Focal point 
Airy cross 
Elliptically 
polarized region 
z 
x 
y 
Chapter 6 –polarization sensitive non-linear microscopy 
187 
 
 
6.2.3 Polarization Sensitivity relative to Split Lines  
The orientation of the collagen fibres within articular cartilage has traditionally been 
estimated by means of a split line experiment. This experiment involves the surface of the 
tissue being picked with the end of a round pin and the direction of the split line this causes 
being observed. These split lines are said to correlate with the orientation of the collagen 
fibres within the cartilage and are repeatable on a given joint surface
84, 160, 161
. In order to 
highlight the direction of the split line Indian ink is applied to the surface of the tissue, 
where it is washed away from all areas except the split lines.  In table 6.2 the angle of the 
collagen fibres as estimated from polarization sensitivity measurements are compared to 
those estimated from split line experiments following the protocol of Bullough et al
162
 
carried out on the same point in the cartilage after the optical measurements. This data was 
taken at the apex of the 3
rd
 metacarpal of a joint from a young horse (5years) which 
displayed no signs of osteoarthritis. Figure 6-6 shows a photograph taken of the split lines. 
 
Angle of fibres from polarization sensitivity experiments at 3 
different depths. (±10º) 
 
Site on tissue 
Split line 
angle (±10º) 
20µm 30µm 50µm Average 
1 40 30 30 30 30 
2 45 0 5 10 5 
3 55 0 0 No pattern 0 
4 95 40 30 35 35 
5 65 20 25 25 23.3 
6 40 35 30 35 33.3 
Table 6.2 A comparison of split line and polarization sensitivity results.  
The fibre orientations have been calculated on 6 sites on the apex of the joint, using the split line 
experiment and polarization sensitivity data at depths of 20,30 and 50 microns. 
 
The results shown in table 6.2 show no correlation between the collagen fibre orientations 
calculated form the polarization sensitivity data and the split line experiments. This may be 
because the splits caused by the pinprick progress much deeper into the tissue than the 
depth at which the measurements of polarization sensitivity were taken. Research by 
Jefferey et al
161
 suggests that the direction of the split lines in cartilage depends on patterns 
in the collagen fibre organisation to a depth of up to 600µm. Therefore the two techniques 
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are likely to be providing information on different levels of collagen fibre organisation with 
the SHG polarization sensitivity data giving describing the fibre orientations on a small 
scale in the superficial zone and the split line data describing the a larger scale organisation 
in the fibres which progresses to a greater depth into the tissue. 
 
Figure 6-6 Split lines in articular cartilage.  
The split line were generated with a round pin on the cartilage sample at 6 points after the collagen 
fibre orientation had been measured from  the polarization sensitivity curves. 
 
1. 2. 
6. 5. 4. 
3. (45º) 
(95º) 
(55º) 
(35º) (65º) 
(40º) 
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6.2.4 Ratio Images of Polarization Sensitive Measurements 
The polarization sensitivity curves are not measured for a single collagen fibril but for a 
100 ×100 micron scan area. This area is large enough to contain a variety of different fibre 
orientations. To investigate the effects this may have, we have used ratio images to display 
variations in polarization sensitivity within our imaging area. The ratio images are 
produced by dividing the image taken with the laser polarization rotated to give the 
maximum intensity image by the image taken with the laser polarization perpendicular to 
this. These have been generated for cartilage images from the superficial zone. The main 
interest for investigating the ratio image for cartilage was to see if the fibre orientations 
were constant in the imaging area or whether there were variations surrounding the cells. 
We expected variations in the pericellular matrix surrounding the cells because previous 
studies with electron microscopy have found that in the pericellular matrix the collagen 
fibrils are finer and form a basket like structure around the cell
74, 85, 88
. The results for 
cartilage are shown in figure 6-7. This shows that the orientation of the fibrils is not 
constant across the area. The dark region on the ratio image represents an area where 
intensity in the overall minimum intensity image (b) is in fact brighter than the overall 
maximum intensity image (a) and therefore in this region the orientation of the collagen 
fibrils is different from the surrounding area. 
    
Figure 6-7  Ratio images taken in cartilage.  
SHG images acquired with the polarizer at the position of maximum intensity (a) and rotated through 
90° (b), with the arrows indicating the polarization direction. Panel (c) shows the ratio of the two 
images (a/b). The dark regions in (a) and (b) represent the locations of the chondrocytes. In the ratio 
image these areas are circled and filled with white. The dark region in the top left quarter of the image 
represents an area where the polarization sensitivity varies from that found in the rest of the scan area. 
In this area the ratio is less than 1 indicating that the collagen in this region is predominantly 
orientated perpendicular to the rest of the image. 
b. a. c. 
20µm 
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6.3 Variations in Polarization Sensitivity with Depth 
The structure of many tissues is not constant with depth, and therefore it would be useful to 
be able to take depth resolved polarization sensitivity measurements. At increased depths 
into a tissue the polarization sensitivity pattern will no longer solely depend on the 
organisation and nonlinear susceptibility properties of the SHG sources within the tissue 
but will also depend on the birefringence and biattenuance (a term introduced by Kemp et 
al
73
 to describe differential absorption and scattering of the excitation light and/or emitted 
light for different polarizations) properties of the overlying tissue. In order to use the 
polarization sensitivity patterns at increased depth to extrapolate information on the fibril 
organisation it is important to characterise these effects. 
6.3.1 Tendon 
Polarization sensitivity variations with depth were first investigated in tendon as this tissue 
provided the simplest collagen organisation. In tendon the fibre organisation remains 
constant with depth as do the birefringence and biattenuance properties which have been 
measured
72, 73
.  
 
Polarization sensitivity of both the TPF and SHG signal from tendon was measured in 
tissue at depths up to 200µm, (data was not taken from any deeper due to low signal 
intensities caused by the attenuation in the tissue). Typical plots of the polarization 
sensitivity with depth are displayed in figure 6-8a-d. These patterns have been reproduced 
on 3 repeat experiments and figure 6-8e displays the ratio of Imax/Imin  for the TPF in all 3 
repeat experiments. The collagen fibres in these tendon samples were orientated at 90° to 
the original laser polarization (0°).  
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Figure 6-8 Polarization dependence with depth in tendon.  
SHG and TPF polarization sensitivity data is taken at different depths on a sample which has the 
collagen fibres orientated at 90
o
. (a) and (b) show the polarization sensitivity of SHG and TPF with 
depth into tendon, with the intensities normalised by dividing through by the mean intensity at each 
depth. (c) and (d), show the natural log of the un-normalised polarization sensitivity for SHG and TPF. 
(e), shows the ratio of maximum intensity of the TPF/ the minimum intensity of the TPF at each depth 
into the tissue from 3 tendon samples, sample 3 is the same sample used for the polarization sensitivity 
plots shown in parts a –d 
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The TPF polarization sensitivity increased dramatically with depth into the tissue, and as 
the results displayed in section 6.2.2 showed that the TPF had no intrinsic polarization 
sensitivity we can conclude that this effect arises from biattenuance, with the light polarized 
perpendicular to the collagen fibres being preferentially transmitted. An upper bound for 
the amount of biattenuation in the tissue can be estimated from fitting an exponential to the 
data shown in figure 6-8e, based on the following assumptions. Firstly we assume that the 
tissue contains a well defined transmission axis such that the field strengths of light linearly 
polarized parallel and perpendicular to it are subjected to a differential attenuation 
coefficient given by 2pi∆χ/λ0 where ∆χ is the biattenuance of the medium. Also one must 
assume that the transmission axes are co-incident with the fast and slow axes of the 
birefringence as this allows the optical properties of the tissue to be described by the 
following Jones’ matrix. Where ∆χ is the biattenuance, ∆n is the birefringence λ is the 
wavelength and ∆z is the depth into the tissue. 
( )( )
( )( )




∆∆−∆−
∆∆+∆
=
o
o
zni
zni
J
λpiχ
λpiχ
exp0
0expr
   (6.2) 
Incident linearly polarized light which is aligned with either of these axes will remain 
polarized along these directions with increasing depth and therefore the differential 
attenuation between these directions will have a maximum value. Linearly polarized light at 
other angles will be converted into elliptically polarized light by the birefringence of the 
tissue and therefore will experience an intermediate amount of attenuation. This is a 
reasonable assumption in tendon, as collagen is know to be birefringent with the fast axis 
aligned parallel with the collagen fibre axis
19
 and the attenuation has been found to be 
greatest for linearly polarized light parallel to the collagen fibres. Previous tests (shown in 
section 6.2.1) showed that the detection system was polarization insensitive and therefore if 
the emitted TPF was un-polarized then the emitted light would propagate to the detector 
with equal efficiency independent of the polarization state of the excitation light.  
 
The analysis described by Kemp et al
73
 shows that the ratio of the field strengths along the 
axes is given by the equation,  
max
min 0
2
exp
E
z
E
pi χ
λ
 ∆
= ∆ 
 
      (6.3) 
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where ∆z is the depth into the tissue and λ0 is the wavelength of the excitation light. The 
intensity of the TPF depends on the fourth power of the field and therefore the ratio of the 
TPF fluxes should have an exponential increase described by the following equation. 
  max
min 0
8
exp
I
z
I
pi χ
λ
 ∆
= ∆ 
 
      (6.4) 
Therefore for a tissue with biattenuance a plot of ln(Imax/Imin) versus ∆z would  have a slope 
of 8pi∆χ /λ0, where ∆χ unambiguously represents the biattenuance at the excitation 
wavelength (800 nm). 
 
Figure 6-8e shows that, it is possible to fit an exponential form to the data for the first 100-
140µm but at greater depths the ratio becomes constant or begins to fall. Two possible 
explanations for this are that at increased depths the excitation light becomes depolarized 
due to scattering
163
 or that the collagen fibres have become less well aligned. Therefore we 
estimated the biattenuance from an analysis restricted to the most superficial 100µm. 
Equation 6.4 was modified to  ( )max 0
min 0
8
exp
I
z z
I
pi χ
λ
 ∆
= − 
 
 and was fitted using Microcal 
Origin where z is the depth into the tissue. The z0 is a factor was introduced to allow for 
any uncertainty in identifying the surface of the tendon, λ0 is the wavelength of the incident 
light and ∆χ is the biattenuance. This gave a biattenuance of 2.65×10
−4
 (range 1.7-3.6×10
−4
, 
R2 > 0.85 for all fits) which is comparable with values measured for different types of 
tendon using polarization sensitive OCT (rats tail tendon 5.3×10
−4
, rat Achilles tendon 
1.3×10
−4
, chicken patellofemoral tendon 2.1×10
−4
 ).
73
 
 
From these measurements we were only able to estimate an upper bound for the 
biattenuance of tendon as even for an isotropic distribution of fluorophores the TPF may be 
partially polarized. As discussed in section 1.4.1 fluorescent dipoles which are aligned 
parallel with the incident laser excitation polarization will be excited most efficiently and 
this results in the TPF being partially polarized in the direction of the laser excitation 
polarization (unless the fluorescent dipoles are rotating on a time scale comparable to the 
fluorescent life-time, which will be unlikely for collagen)
49
. This means that the emitted 
light will be transmitted to the detector with different efficiencies for the two orthogonal 
polarization states, and therefore the intensity ratio Imax/Imin will depend on the value of ∆χ 
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at both the excitation and emission wavelengths. The precise relationship between our 
value of ∆χ and the true values at 800 and 450nm will depend on the degree of fluorescence 
anisotropy. This highlights the need for further research into identifying and characterising 
the properties of endogenous fluorophores. 
 
For the SHG the pattern of polarization with depth in tendon represents the combined 
effects of the biattenuance, birefringence and the intrinsic polarization sensitivity of the 
collagen SHG. The birefringence of tendon is significant with (∆n) for equine flexor tendon 
being approximately 0.0045
72
, indicating that a 180 µm thickness of tendon would act as a 
whole wave-plate at 800nm. The SHG generated in the sample is also polarized with its 
polarization depending on the fibre orientations and the incident laser polarization (as 
shown in equation 13 Section 1.3.3.2). Therefore when analysing the SHG polarization 
sensitivity with depth patterns we also need to consider the polarization effects the 
overlying tissue will have on the emitted light as it travels back to the detector. For the 
400nm SHG light the values for biattenuance and birefringence will be different and need 
to be characterised. If we are to accurately assess the effects of the birefringence and bi-
attenuation on the SHG signal we would need to know what proportion of the signal 
detected was generated propagating in the backward direction, and how much was light 
generated in the forward propagating direction and back-scattered towards the detector in 
the bulk of the tissue. Polarization effects may be different for the back-scattered light as 
this may have become partially depolarized due to multiple scatterings. This problem is 
non-trivial as the proportion of light generated in the forward and backward scattering 
directions depends on the distribution of SHG sources within the focal volume.
22, 23
 
 
It may be possible to reproduce our polarization sensitivity with depth patterns for tendon 
using either a Jones matrix or a Muller matrix (if depolarization due to scattering is found 
to be a significant effect) to describe the effects of the overlying tissue and the Freund
25
 
model to describe the collagen polarization sensitivity. However there are added 
complications due to beam geometry such as varying interaction lengths and ray-to-fibre 
inclination angles across the beam profile. These are likely to be significant due to the high 
numerical aperture lens used in these experiments.  
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6.3.2 Cartilage 
The structure of articular cartilage is not constant with depth but instead four zones can be 
observed on polarized light microscopy at different depths with changes occurring in 
collagen fibre arrangement between the zones (described in section 1.6.1). The collagen 
fibre arrangement within articular cartilage contributes to the tissues biomechanical 
properties and therefore methods of measuring the collagen fibre arrangement within an 
intact tissue sample will be of use to cartilage research.  
 
The same polarization sensitivity with depth experiments carried out on tendon were 
repeated on 3 samples of normal cartilage. The data was taken to a depth of 200µm, this 
corresponds to the superficial and transitional zones of the cartilage. Like in tendon the data 
was reproducible in each sample and a representative data set is shown in figure 6-9. 
 
In contrast to tendon the TPF does not show a strong polarization sensitivity even at depths 
of 200 microns and this indicates that biattenuance is not as significant an effect in cartilage 
as it is in tendon. Even though the data collection time was minimised it was still 
sufficiently great for the results to be affected by photo-bleaching, making the results more 
difficult to interpret. From figure 6-9b it is possible to see that at a depth of 150-200µm the 
polarization sensitivity pattern did become clear and showed 4 peaks in intensity. The 
visibility of these peaks is very small compared to that in tendon with the visibility is 
tendon and cartilage at 200µm being 0.6 and 0.05 respectively. 
 
The SHG polarization sensitivity with depth in cartilage showed a clear repeatable pattern 
in all the healthy samples. At the tissue surface there were two intensity peaks but as the 
depth into the tissue increased additional peaks occurred between the original peaks. There 
was also an increase in the visibility of the peaks with depth into the tissue. The depth at 
which the additional peaks appeared varied slightly between the samples from about 60-
90µm. 
 
Relating the polarization sensitivity with depth to the fibre orientations is a relatively 
complex problem. The polarized excitation light will be influenced by the birefringence and 
biattenuance properties of the overlying tissue and unlike tendon these will change with the 
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zone structure of the cartilage. Also the fibre orientations are more complex than in tendon. 
The fibre axis in the transitional zone is no longer in the imaging plane and this increases 
the difficulty in interpretation. The polarization sensitivity for collagen fibres at an angle to 
the imaging plane is discussed in the appendix. 
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Figure 6-9 Polarization sensitivity with depth in 
cartilage. 
SHG and TPF polarization sensitivity plots taken from 
a healthy equine sample 5 years old with no signs of 
osteoarthritis. (a) and (b) show the polarization 
sensitivity of SHG and TPF with depth into cartilage, 
with the intensities normalised by dividing through by 
the mean intensity at each depth. (c) and (d), show the 
natural log of the un-normalised polarization 
sensitivity for SHG and TPF. (e), shows a histological 
slice taken from the sample after the polarization 
sensitive measurements, and viewed between crossed 
polarizers. 
 
  
radial zone 
zone of calcified cartilage 
Subchondral bone 
superficial zone 
transitional zone 
200 µm 
e. articular surface 
20 40 60 80 100 120 140 160 180 200
0
45
90
135
180
225
270
315
360
Depth in Microns
P
o
la
ri
z
a
ti
o
n
 A
n
g
le
0.7160
0.7585
0.8010
0.8435
0.8860
0.9285
0.9710
1.013
1.056
1.098
1.141
1.183
1.226
1.268
1.311
1.353
1.396
N
o
rm
a
lis
e
d
 I
n
te
n
s
it
y
20 40 60 80 100 120 140 160 180 200
0
45
90
135
180
225
270
315
360
Depth in Microns
P
o
la
ri
z
a
ti
o
n
 A
n
g
le
0.9000
0.9140
0.9280
0.9420
0.9560
0.9700
0.9840
0.9980
1.012
1.026
1.040
1.054
1.068
1.082
1.096
1.110
1.124
N
o
rm
a
lis
e
d
 I
n
te
n
s
it
y
20 40 60 80 100 120 140 160 180 200
0
45
90
135
180
225
270
315
360
Depth in Microns
P
o
la
ri
z
a
ti
o
n
 A
n
g
le
6.880
7.129
7.378
7.626
7.875
8.124
8.373
8.621
8.870
9.119
9.367
9.616
9.865
10.11
10.36
10.61
10.86
ln
(I
n
te
n
s
it
y
)
20 40 60 80 100 120 140 160 180 200
0
45
90
135
180
225
270
315
360
Depth in Microns
P
o
la
ri
z
a
ti
o
n
 A
n
g
le
6.820
7.005
7.190
7.375
7.560
7.745
7.930
8.115
8.300
8.485
8.670
8.855
9.040
9.225
9.410
9.595
9.780
ln
(I
n
te
n
s
it
y
)
a 
d c 
b 
Chapter 6 –polarization sensitive non-linear microscopy 
198 
 
6.3.3 Polarization Sensitivity in Degenerate Lesions 
As discussed in the introduction there are changes in the organization of the collagen fibres 
in osteoarthritic lesions. A previous study on non-linear microscopy of cartilage detected 
SHG polarization sensitivity in osteoarthritic tissue but not in healthy tissue
80
, and this 
provided motivation for investigating the changes in the polarization sensitivity properties 
which occur at lesion sites. In this section the changes observed in the polarization 
sensitivity with depth patterns are investigated in two spontaneous “butterfly” lesions 
which occurred on the apex of the third metacarpal bone (see section 4.3.1). These lesions 
occur spontaneously and have been investigated in detail elsewhere
93
. The data were taken 
in conjunction with non-linear imaging of the tissue in SHG and TPF. Histological sections 
were taken of the samples after imaging and viewed between crossed polarizers, which 
allowed the larger scale changes associated with the lesions to be investigated.  
 
The patterns of TPF and SHG polarization sensitivity was measured at three points on a 
lesion. The approximate location of these points is shown on figure 6-10 which depicts a 
histological section of the lesion viewed between crossed polarizers. (Site 1 is 2mm anterior 
to the lesion centre, site 2 is central to the lesion and site 3 is 2mm posterior to the lesion 
centre). The polarization sensitivity with depth profiles from these sites are shown in figure 
6-11. As in the healthy tissue the TPF polarization sensitivity was only a weak effect, with 
sites 1 and 3 at the periphery of the lesion showing some TPF polarization sensitivity but 
with site 2 central to the lesion showing none. 
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Figure 6-10 Histology of the lesion investigated for figure 6-11.  
The section is viewed between crossed polarizers the approximate sites at which data was taken are 
indicated by the white arrows. 
 
1mm 
1 2 
3 
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Figure 6-11 The polarization dependence of TPF and SHG at a lesion.   
The sites at which the data were taken are indicated in figure 6-10.  Site 1 was macroscopically normal 
looking tissue close to the lesion, site 2 was approximately central to the lesion and site 3 was tissue in 
the periphery the lesion. 
 
The changes observed in the SHG polarization sensitivity pattern are much more 
pronounced than the changes in TPF polarization sensitivity and therefore a more detailed 
study was carried out of the former and the results are displayed in figure 6-13. This figure 
displays the data taken from 9 sites along a line which crosses the lesion from the anterior 
to posterior edge. The histological section of the lesion viewed between crossed polarizers 
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is shown in figure 6-12. The 9 sites from which data was collected were separated by 1mm 
steps and the approximate locations of these sites have been marked on the figure. In the 
first four sites anterior to the lesion the SHG polarization sensitivity pattern is similar to 
that found in the healthy tissue, with two peaks in intensity at the surface progressing to 
four intensity peaks at a depth of about 80µm. The histology showed the normal structure 
of 4 zones for sites 1-3 but for site 4 the different zone were no longer clear. At the lesion 
site (site 5) and posterior to the lesion (sites 7-9) there are only two peaks in intensity with 
angle at all depths into the tissue. No data is available for site 6 as at this location the tissue 
was so disrupted it was not possible to take any polarization sensitivity data. The angle at 
which these peaks occur is not constant with depth at sites 5-8 and this effect is most 
pronounced at site 8, where it looks like there is a distinct change in fibre direction. The 
magnitude of the polarization sensitivity variations was greatest at site 5 which may be in 
agreement with the findings of Yeh et al that the polarization sensitivity was greater at the 
site of a lesion to that in healthy tissue
80
. The histology of the tissue showed that the 
structure was hugely disrupted at sites 5 and 6 and at sites 7-9 the surface of the tissue 
appeared damaged. 
 
Figure 6-12 Histology of the lesion investigated for figure 6-13.  
The section is viewed between crossed polarizers the approximate sites at which data was taken are 
indicated by the white arrows. 
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Figure 6-13 Polarization dependence of SHG with depth at a lesion. 
The data is from the 9 sites shown in Figure 6-12. At position 6, at the centre of the lesion, the structure 
was too broken to detect any pattern of polarization sensitivity with depth. (All scales as in (a)). 
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6.4 Discussion 
In this chapter it has been shown that microscope 1 described in section 2.2 is able to be 
used to take polarization sensitivity measurements, and we have reported the results of 
polarization sensitivity measurements taken on the SHG and TPF signal from tendon, 
cartilage and pericardium. As the polarization sensitivity of tendon had previously been 
investigated in detail, this tissue was used for characterising the performance of our 
experimental set-up. The SHG polarization sensitivity curves from tendon have been used 
to fit the Freund model of polarization sensitivity of SHG from collagen fibres and to 
estimate the parameter ρ. It was found that to get a good curve fit an offset parameter was 
needed. This difference between the results and the model is thought to be due to the high 
NA objective used for imaging during our experiments, leading to the light at the focal 
point no longer being entirely linearly polarized. In order to investigate this point further 
future work should be carried out to measure the polarization sensitivity curves using a 
range of different NA objectives and comparing the values of ρ found from the curve fits. 
 
The curve fitting of the Freund model was not extended to the tissues other than tendon. 
This is for two reasons, firstly that there is a large degree of uncertainty in our estimate of 
the parameter ρ as the calculated value appears to be affected by the experimental 
procedures, and secondly in many different tissues the organisation of the collagen fibres 
becomes more complex. For more complex tissues the assumption that the collagen fibres 
are lying parallel in the imaging plane is no longer appropriate and therefore ρ can no 
longer be estimated. In cartilage tissue the collagen fibres are finer and can are not easily 
seen in the images, previous literature reports that they are aligned parallel with the surface 
in the superficial zones of the tissue but they intertwine to form a meshwork, this means 
that for this tissue the exact distribution of collagen fibres remains unknown. 
 
We were only able to measure the polarization sensitivity of the SHG and TPF from the 
sample and not the polarization of the SHG and TPF signal in these experiments. This was 
due to the fact that the microscope was operating in the epi mode. The collected light had to 
pass back through the wave-plate before reaching the detector, but for the 400nm SHG light 
and the 450-500nm TPF light the wave-plate was no longer acting as a half wave plate but 
was converting the polarization of any signal into an elliptical polarization state. This 
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problem could be overcome in future by modifying microscope 2 to allow polarization 
measurements on the SHG in the forwards direction. 
 
Photo-bleaching problems were experienced whilst taking the TPF polarization sensitivity 
data. These were minimised by the use of a manual shutter, although the effects could be 
further limited if there was an automatic shutter which would only allow light on the 
sample when imaging was taking place. 
 
Although we discovered the above limitations to the experimental set-up, SHG polarization 
sensitivity curves were still able to accurately measure the orientation of the collagen fibres 
in tendon. Therefore the main aim of the research was to extend this to measuring the 
polarization sensitivity properties of cartilage and relate this to the collagen fibre 
organisation within the tissue. The research was concentrated on the superficial zone of the 
articular cartilage where we found that it was possible to find the predominant fibre 
orientations at the articular surface. The collagen fibres in the superficial zone are too fine 
to be visualised directly using light microscopy and therefore in other cartilage research the 
following methods have been used to investigate the collagen fibre organisation; x-ray 
diffraction
12
, polarization sensitive OCT
72
, polarized light microscopy and electron 
microscopy. In this chapter a direct comparison was carried out between the split line 
method of finding collagen fibre orientations in cartilage and our polarization sensitivity 
measurements. There was found to be no correlation between the results from the two 
methods and this was concluded to be because the two techniques were measuring the 
collagen fibre organisation on different scales. 
 
The visibility of the polarization sensitivity curves is related to the degree of the collagen 
fibre organisation. Therefore this work could be extended to use the visibility of the 
polarization sensitivity to investigate whether changes in organisation could be detected 
through changes in visibility if a collagen based tissue was subjected to mechanical forces 
for example stretching. Smaller variations in the collagen fibre organisation can be found 
from ratio images taken by dividing the image taken at the polarization angle which gives 
maximum intensity and the polarization angle perpendicular to that. In cartilage we found 
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there were areas with different collagen fibre orientations within the 100×100µm imaging 
area used in these experiments. 
 
The later half of this chapter describes the measurements taken of polarization sensitivity at 
increasing depths into the tissue. These measurements were found to be strongly affected 
by the optical properties of the overlying tissue. This makes measuring the collagen fibre 
orientations from the polarization sensitivity curves a more complicated process and 
dependent on characterising the birefringence and biattenuation of the overlying tissue. 
Tendon was used as a test subject for the polarization sensitivity with depth measurements. 
Here the collagen fibre organisation was known to be constant with depth and we were able 
to estimate the amount of biattenuation from the polarization sensitivity with depth of the 
SHG results. To more fully understand the TPF polarization sensitivity with depth results 
the polarization anisotropy of the fluorophores within the tendon and cartilage needs to be 
measured. These experiments would need to be carried out on forwards transmitted light 
from thin samples. To do this microscope 2 would need to be modified to allow 
measurements of the polarization of both TPF and SHG light in the forwards direction. 
 
For the polarization sensitivity with depth in cartilage the interpretation was more 
complicated and a computer model will be needed to relate the patterns to the fibre 
orientations. Also further measurements would be needed to characterise how the 
birefringence and biattenuance of the cartilage changes with depth. The collagen fibres in 
the transitional zone of the cartilage are orientated at an angle with respect to the imaging 
plane, with our experimental set-up we are unable to measure this angle. Yoshiki et al
164
 
have suggested a possible way to measure the 3 dimensional orientation of collagen fibres, 
by using linearly polarized light to measure the angle of the fibres in the x-y plane and then 
combining this with measurements taken using light which is radially polarized in the back 
aperture of the objective to investigate the orientation of the fibres with respect to the 
imaging plane. This is possible because radially polarized light becomes polarized parallel 
to the optical axis in the focal plane. 
 
We have been able to characterise the polarization sensitivity with depth pattern for healthy 
cartilage tissue and found that this pattern changes at a lesion. Therefore this may prove to 
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be a useful technique for assessing the amount of disruption to the collagen architecture at 
lesions sites, in intact tissue samples. For this to be the case a larger number of lesions may 
need to be investigated and the data acquisition time would need to be greatly reduced, 
especially if the ultimate aim was to use this technique for assessing lesions in vivo. 
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7 Conclusions and Future Work 
The first stage of the work described in this thesis was the construction of a  simple multi-
photon microscope, which could carry out both SHG and TPF imaging in the backscattered 
direction. It was used to image cartilage and to investigate the SHG and TPF polarization 
sensitivity effects in both cartilage and tendon. Later in this study the imaging work was 
transferred to a new multiphoton microscope and laser system which allowed CARS 
imaging to be combined with TPF and SHG imaging and also allowed simultaneous 
forward and backscattered detection. 
 
The multi-photon imaging of cartilage has allowed the production of submicron resolution 
images where the following features can be observed: pericellular matrix (TPF imaging), 
elastin fibres (TPF imaging), inter-territorial collagen matrix (SHG imaging), cell 
boundaries within the matrix (CARS imaging) and lipids within the cells (CARS imaging). 
The combination of the three imaging modalities TPF, SHG and CARS therefore provides 
a very powerful technique for investigating cartilage. 
 
Other techniques which give cellular resolution images of cartilage are confocal 
microscopy, transmitted light microscopy and electron microscopy. Confocal microscopy 
offers comparable resolution to multi-photon microscopy and also shares the advantage of 
providing 3D data sets. Confocal microscopy has been used to investigate the pericellular 
matrix and chondrons by immuno-staining for collagen VI
91, 165
 however with multi-photon 
imaging we were able to image both the cells and pericellular matrix in unstained sample. 
Also the penetration depth for multi-photon imaging is better than for con-focal imaging 
with the maximum penetration depths being about 500µm
6
 and 150-200µm
16
 respectively. 
Electron microscopy offers much higher resolution images, for example with electron 
microscopy cellular structures and individual collagen fibres can be clearly resolved 
whereas these were found to be beyond the resolution of our multi-photon microscope. 
However it requires a complex sample preparation technique which may result in artefacts. 
OCT like multi-photon microscopy allows imaging on intact unstained samples with an 
improved penetration depth into the tissue. Typically the entire depth of cartilage can be 
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imaged on intact tissue samples using OCT compared to only the superficial and 
transitional zones with multi-photon microscopy
166, 167
. However OCT images have a lower 
resolution (typically 1-15µm)
9
 and also rely on contrast due to the differences in refractive 
index and therefore do not have the advantages of molecular specificity which is provided 
by multi-photon imaging. This means that feature seen on the multi-photon images such as 
elastin fibres, cellular lipids and pericellular matrix are not visible with OCT. 
 
One of the most significant results of this work was that TPF imaging of cartilage showed a 
network of fine elastin fibres in the most superficial 50µm of the tissue. These fibres were 
found to be lying parallel with the articular surface and their identity was confirmed by 
immuo-staining. Multi-photon imaging is the only technique where by these fibres can be 
observed without any staining of the tissue. Little has been previously reported regarding 
elastin in cartilage and therefore work was done to map out the distribution of the fibres 
over the joint surface and to investigate their orientations. Future work needs to be done to 
characterise this network in more detail using a larger sample size so that variations 
between horses can be characterised and to investigate the fibre networks in different joints 
and species. The majority of the elastin fibres appeared long and straight indicating that 
they may be under tension. Future investigations should be carried out into what 
contribution these fibres provide to the physical properties of the tissue, this could possibly 
involve imaging the fibres in tissue subjected to mechanical stretching. 
 
Spectroscopic studies of the TPF from purified matrix components have shown that type II 
collagen and cross-links from collagen and elastin are sources of TPF in our TPF images. 
Much of the fluorescence may also be due to AGE (Advanced Glycation Endproduct) 
crosslinks. If age related crosslinks are an important source of fluorescence then an 
valuable extension of the present work would be to investigate the changes in fluorescence 
intensity and spectra involved in ageing and disease especially as these have been 
correlated in single photon fluorescence studies
125, 126, 129, 130
. The data collected on the two-
photon fluorophores did not include a study of the relative quantum efficiencies of the 
different components and their concentrations within the samples. Therefore it is unknown 
how large a contribution each fluorophores makes to the overall fluorescence of the intact 
tissue samples, also it is likely that there are additional fluorophores within the tissues 
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which are yet to be identified. The multi-photon spectra of intact tissue samples were taken 
over large imaging areas. These areas contained the following features within the TPF 
image: elastin fibres, pericellular matrix fluorescence, interterritorial matrix fluorescence 
and cellular fluorescence. The fluorophores responsible for these features will vary and 
therefore future work should be to extend this to allow spectrally resolved multi-photon 
imaging similar to the work done by Palero et al
40
 in the dermis. 
 
From the polarization sensitivity of SHG measurements we were able to measure the 
predominant collagen fibre orientation at the articular surface (most superficial 0-30µm). In 
these regions the collagen fibres are too fine to be resolved by imaging. At increased depths 
into the cartilage the polarization sensitivity results were complicated by the optical 
properties of the overlying material (birefringence and biattenuation) and also by the 
orientation of the collagen fibres at an angle to the imaging plane in the transitional zone. 
The advantages of our technique for measuring the collagen fibre orientation is that it can 
be used on intact tissue samples, and it has the potential for providing high resolution data 
on the collagen fibre orientations. This was demonstrated by generating ratio images where 
differences in collagen fibre orientations within a 100 ×100 µm area could be observed. 
The disadvantages of the technique was that it required long exposure times (although this 
may be reduced by automating the data collection process) and the difficulties in 
interpreting the data from deeper zones of cartilage where the polarization has been 
affected by the overlying tissue. Further work would be required to directly relate the 
polarization sensitivity with depth patterns to the collagen fibre orientations using computer 
modelling. The SHG data is also complicated by the fact that the SHG signal and 
polarization dependence decreases for collagen fibres which are orientated at an angle to 
the imaging plane. This is discussed in more detail in the appendix. Therefore when 
collecting polarization sensitivity data it is difficult to identify whether a decrease in 
polarization sensitivity is due to less ordered collagen fibres or because the collagen fibres 
are orientated at an angle to the focal plane. Also when imaging some knowledge of the 
histology is useful to distinguish between regions which have a low SHG signal due to a 
low collagen fibre content and those where the collagen fibres are orientated perpendicular 
to the imaging plane.  
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Other techniques for measuring the collagen fibre orientation are: electron microscopy, 
small angle X-ray scattering (SAXS), polarized light microscopy and polarization sensitive 
OCT. Electron microscopy (both SEM and TEM) is the only technique providing high 
enough resolution to clearly resolve the smallest fibres within the matrix.
162, 168, 169
 However 
electron microscopy techniques require fixation and drying of the samples which may result 
in artefacts. Also the very high resolution images have a small field of view and therefore 
are less well suited for investigating large scale patterns of fibre orientation. Small angle X-
ray scattering (SAXS) enables the collagen fibres to be determined from the anisotropy of 
diffraction rings generated when a beam of X-rays is scattered through a sample. The 
intensity of the scattered X-rays varies around the ring depending on the number of 
collagen fibres orientated at the azimuth angle. From this the distribution of collagen fibre 
angles can be measured through the sample at approximately 25µm resolution. The 
disadvantages of this technique are the need for an X-ray source and that the results require 
a large amount of data analysis.
12
 
 
Polarized light microscopy and polarization sensitive OCT both rely on the birefringence of 
the collagen fibres to measure their orientation. In polarized light microscopy a thin section 
is placed between crossed polarizers, then regions where there is a large amount of 
birefringence corresponding to an organised collagen structure appear bright, whereas areas 
which are not birefringent will appear black. If the thickness of the sample is known 
quantitative data on the birefringence of the sample can be measured.
36
 Polarization 
sensitive OCT measures the birefringence of a material from the separation of the 
interference bands in the images (interference between light polarized parallel with the fast 
and slow axes of the birefringent material), these band appear closer with increased 
birefringence. In PSOCT studies on cartilage the collagen fibre orientation has been 
estimated in the radial zone by measuring the angle at which the birefringence is 
minimised.
72, 170, 171
 These two techniques have the quickest time for the acquisition of data 
however they offer the lowest resolution. 
 
Currently only the microscope 1 has been set-up to carry out polarization sensitive 
experiments. This is the least user friendly of the three microscopes and therefore in the 
future it would be advantageous to incorporate the necessary wave-plates in the both 
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microscope 2 and the spectrometer microscope. Microscope 2 allows forwards detection of 
the SHG signal and therefore it would be possible to measure the polarization of the SHG 
by placing an analyser in front of the forwards SHG PMT. (It was not possible to do this 
with the epi detection set-up used in microscope 1 as the wave-plate placed before the 
objective altered the polarization of the 400nm SHG signal as well as rotating the 800nm 
laser fundamental). It would also be possible to measure the polarization anisotropy of the 
TPF signal (if the SHG filter was swapped for a TPF filter). This would be useful when 
interpreting the TPF polarization sensitivity with depth results presented in chapter 6. 
 
In the CARS work in this thesis only the C-H bond vibrations have been investigated. 
These predominantly give contrast for lipid molecules. The OPO used for CARS imaging 
can be tuned to different values of ( )sp ωω −  which can allow different bond vibrations to 
be imaged for example the amide I bond vibration can be used to image the protein content 
within a sample and the O-P-O bond vibration can be used to image the DNA within the 
sample
61
. Future work would be to investigate these bond vibrations to gain additional 
information on the chondrocytes. The CARS images in this thesis showed a strong signal 
from the non-resonant background. This reduces the sensitivity for imaging the resonant 
bond vibrations and for weaker bond vibrations the signal may be completely swamped by 
the non-resonant background. In order improve this CARS techniques which reduce the 
non-resonant background need to be used; for example time resolved CARS
172
, heterodyne 
CARS
173
 and polarization CARS
62
. 
 
Both SHG and CARS are coherent processes and therefore affected by phase matching 
effects. The ratio of forwards to backwards signal is dependent on the size and distribution 
of the scatters for both processes.
23, 24, 55, 59
 The forwards and epi images may therefore 
show different features
44, 174
. The ratio of forwards to backwards SHG from a sample 
contains information on the scatters, for collagen this may provide information on the 
thickness
175
 and organisation of the fibres and the proportion on the fibril generating the 
SHG
23
. Future work may be to compare forwards and backwards SHG for different 
collagen types. This would be to investigate how the ratio of forwards to backwards SHG 
depends on the different amount of organisation and fibre thicknesses in different collagen 
types, and also how the ratio depends on the chemical environment. This will hopefully 
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help with the understanding of how SHG is generated in collagen at a fundamental level as 
it is still under debate as to which level of molecular anisotropy is responsible for the 
molecules’ non-linear properties and whether the SHG originates from the whole fibril or 
just a cylindrical outer-shell. 
 
We have been able to characterise normal cartilage tissue and observed changes associated 
with osteoarthritis. Lesion tissue has been investigates using both SHG and TPF imaging 
and through polarization sensitivity experiments. Through, this cellular changes and 
changes to the matrix have been observed, and compared to the classical histology taken on 
the samples after the multi-photon imaging. The multi-photon imaging appeared most 
promising for investigating the changes which occur with early osteoarthritis. With the 
multi-photon images degenerative changes were visible at the articular surface of samples 
which showed no macroscopic lesions. Small “microlesions” have been observed at the 
articular surface and these can be reconstructed in 3D from the image stacks. 3D data on 
these microlesions could be important to the understanding of the progression of the disease 
as once the articular surface has been disrupted the tissue will become more vulnerable to 
degeneration caused by mechanical wear. The imaging has shown changes surrounding the 
cells and cell clustering in degenerate tissue. Investigations into degenerate tissue should be 
repeated in future work to combine with CARS imaging which may reveal structural or 
metabolic changes occurring within the cells associated with the disease process. 
 
A potential application of multi-photon microscopy in articular cartilage is to gain an 
increased understanding of the structure of healthy cartilage and the changes which occur in 
aging and osteoarthiritc degeneration. There is a possibility that this may be developed into 
an in-vivo technique with future developments in the instrumentation. In vivo 
measurements would be especially important to osteoarthritis research as they would allow 
longitudinal studies. Recently cartilage has been imaged via an arthroscopy probe using 
laser scanning confocal microscopy 
176
. This procedure was carried on a cadaver as it was 
not possible for it to be carried out in-vivo as the tissue needed to be stained for the 
confocal microscopy by infusing the joint capsule with a fluorescent marker. As shown in 
this chapter multi-photon microscope images can be produced on unstained tissues and 
therefore if this could be performed via an arthroscopy probe then this would prove more 
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useful than a confocal arthroscopy. Fibre optic two-photon endoscopes have been 
developed
177, 178
 and the potential for CARS endoscopy is under investigation
179
.  If these 
techniques became available a remaining challenge would be to develop an means of 
quantifying pathological changes and producing a clinical scale similar to the Mankin scale 
180
 which is currently the standard technique for assessing the level of cartilage 
degeneration via histology for clinical purposes. 
 
The work could be extended to investigate the biomechanics of cartilage, this would be 
done via dynamic studies where the collagen and elastin fibres organisation would be 
investigated under different loading conditions. 
 
The multi-photon imaging in this thesis has concentrated on tissue samples, however the 
technique is also very well suited for investigated cultured cells. Other possible applications 
are to investigate the pericellular matrix of isolated chondrons and cells in culture. Because 
of the lack of staining the cells could be imaged using time lapse experiments to investigate 
the assembly of matrix fibres by the cultured cells. 
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Appendix: 
Polarization sensitivity of collagen fibres at an angle to the 
imaging plane 
The discussion of polarization sensitivity of tendon in the Introduction was limited to the 
simplest case where the collagen fibres were orientated in the plane perpendicular to the 
laser propagation. In many biological tissue samples this is unlikely to be the case so here 
the effects of the angle φ between the fibre axis and the imaging plane are investigated. 
This has previously been discussed by Stoller et al
19
, however their description was not in 
terms of the polarization curves. In chapter 6 we present results in terms of the polarization 
sensitivity curves rather than determine the ratio R .Here we have substituted values into 
the Kleinman D tensor to find the effect of different fibre angles on polarization sensitivity 
curves. The polarization of the SHG P is calculated form the Kleinman D tensor and the 
electric field E of the laser excitation light, according to the relationship; 






























=










yx
zx
zy
z
y
x
zxyzxzzyzzzzzyyzxx
yxyyxzyyzyzzyyyyxx
xxyxxzxyzxzzxyyxxx
z
y
x
EE
EE
EE
E
E
E
P
P
P
2
2
2
2
2
2
0
χχχχχχ
χχχχχχ
χχχχχχ
ε     
The components of the tensor ijkχ can be calculated from the following equation, 
 ( )ijkikjjkikjiijk sscbsssas δδδχ +++=
2
 
 and assuming the fibre to be orientated at an angle φ in the x-z plane so that the unit vector 
becomes. φcossˆs x = , 0=ys  and φsinsˆs z = . The laser fundamental is taken to be 
propagating in the z direction with a polarization angle θ in the x-y plane and therefore the 
components of the E field are as follows, θcosEE x = , θsinEE y =  and 0=zE . The 
intensity of the SHG was evaluated from these equations for a matrix of values of φ and θ, 
using a spread sheet. For this we used a value of 83.0−=γ  (which corresponds to 8.1=ρ ) 
as this is an average of the values in the literature. Figure 0-1.a shows that as the angle 
Appendix 
215 
 
between the fibre axis and the imaging plane increases the amount of SHG light produced 
decreases with 4.7 times as much SHG intensity being generated when the collagen fibre 
axis is in the imaging plane than when it is perpendicular to it. Figure 0-1.b shows the 
intensity at each angle between the fibre axis and the imaging plane normalised by dividing 
through by the average intensity at this angle, this figure shows that the visibility of the 
polarization sensitivity curve also decreases with increased angle between the fibre axis and 
imaging plane. 
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Figure 0-1 Polarization sensitivity for collagen fibres at an angle to the imaging plane: 
The polarization sensitivity of collagen at different angles φ between the imaging plane and the collagen 
fibre axis. The y axis on both graphs represents the polarization angle of the laser fundamental with 
respect to the component of the collagen fibre axis in the imaging plane. (a) shows the absolute intensity 
of the SHG (in arbitrary units where the minimum intensity is taken to be 1) where as (b) shows the 
intensity which has been normalized for each angle by dividing through by the mean intensity at each 
angle φ.  
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